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Summary
Conventional antibiotic fermentations are operated in the temperature range 
2 5 -30°C , with large cooling requirements due to the generation of metabolic 
heat and the high agitation requirements of viscous, mycelial fermentation 
broths. If the fermentations could be carried out at an elevated tem perature, the 
energy requirement for cooling would be reduced dramatically. In addition, the 
faster reaction rates would decrease fermentation times. This project 
investigated the feasibility of expressing cloned heterologous antibiotic 
pathways, in a thermophilic streptomycete host chosen for a good fermentation  
performance.
S. thermonitrificans was the chosen species. A defined medium, defined 
inocula and analytical techniques for the fermentation and analysis of growth 
were developed for S. thermonitrificans . Fermentation data analyses by 
carbon balancing were carried out with a carbon recovery of 93%  or better.
The growth energetics were investigated in glucose-limited chemostat culture, 
to give approximate values for the maintenance coefficient of 0.41 g biomass, 
(mole glucose)-1.h r 1, and a maximum growth yield, of 95 .4  g biomass.fmole 
glucose)-1. This compares favourably with the growth energetics of common 
mesophilic prokaryotes and suggests that S. thermonitrificans is well-adapted  
to growth at elevated temperatures.
A recombinant strain of S. thermonitrificans was investigated. It contained the 
plasmid pB R O C139 which is based on a high-copy number streptomycete 
plasmid, with a DNA insert from S. ciavuiigerus, expected to encode genes for 
the production of the yellow antibiotic, holomycin. S. ciavuiigerus has an 
optimum growth temperature of 26°C , and a maximum of 30°C . However the 
yellow product was expressed in S. thermonitrificans in defined medium at 
tem peratures up to 50°C . The product has been shown to be insert-specific, 
and similar in properties to the product formed in a range of heterologous 
hosts, containing the same plasmid. The rate of production in S. 
thermonitrificans pBRO C139 (judged qualitatively) was considerably more 
rapid at 5 0 °C  compared to 30°C . The product was shown not to be holomycin, 
by comparison with an accurate standard, and a preliminary purification of the 
yellow product has been carried out. Mass spectral analysis implied that the 
partially-purified product might be composed of two homologues of the N- 
methyl pyrrothine class of antibiotics.
An attempt was made to express oxytetracycline in S. thermonitrificans by 
plasmid transformation with plasmid pFZ163, containing an insert encoding the 
pathway for oxytetracycline. In addition, conjugation of S. thermonitrificans
with a conjugative plasmid containing the same insert was attempted. Both 
w ere unsuccessful, possibly due to the combined influences of large plasmid 
sizes and a restriction barrier which exists between S. thermonitrificans and 
other Streptomyces.
This project has provided a thermophilic streptomycete host-vector system, 
am enable to precise physiological study by the method of materials balancing, 
which has a good fermentation performance in defined and complex media. In 
addition S. thermonitrificans has growth characteristics which imply that it 
grows efficiently at an elevated temperature (45°C ).
The work presented in this thesis is my own unless otherwise acknowledged. 
No part of this thesis has been previously submitted for examination leading to
the award of a degree.
F. M. Burke 
April 1991
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Chapter 1
1.0 General Introduction
Streptomyces are filamentous, chemoheterotrophic, aerobic, spore-forming 
eubacteria. They stain positive with Gram stain, are highly oxidative and form 
cell walls containing L-L-diaminopimelic acid and glycine. Their characteristic 
DNA base composition has a high G-C bias of between 69 and 73%  on a 
molar basis, and their genome is between 6-9 megabases of DNA based on 
pulse-field gel electrophoresis data (Woese, 1987: Hopwood and Kieser,
1990). They possess a complex life cycle of morphological and physiological 
development supremely adapted to colonising relatively hostile, intemperate 
environments.
Streptomyces occupy a characteristic niche in the soil ecosystem, aiding the 
recycling of biomass by producing a wide range of cellulolytic, ligninolytic and 
xylanolytic degradative enzymes (McCarthy, 1987). At least one 
Streptomyces enzyme, dehydroquinase from S. coelicolor, is highly 
homologous at the amino acid level and in functionality with the catabolic 
enzyme from Neurospora crassa and may reflect either convergent evolution 
or gene transfer (White eta!., 1990; P. J. White, personal communication). 
Based on amino acid sequence identity of cloned genes in two 
streptomycetes and three filamentous fungi, two genes of the 6-lactam  
pathway (encoding isopenicillin N synthetase and deacetoxycephalosporin C 
synthetase) appear to have been transferred horizontally from streptomycetes 
to fungi (Weigel eta l., 1988; Miller and Ingolia, 1989a and b). The 
morphology, growth and formation of metabolites from Streptomyces under 
certain nutrient conditions also bears resemblance to the soil fungi, and it may 
be more pertinent to compare Streptomyces to soil fungi rather than to enteric 
bacteria such as Escherichia co li.
Typically, following an environmental stimulus, spore outgrowth is followed by 
apical extension and branching, enabling colonization of solid or particulate 
substrates with vegetative mycelia. At the air-substrate interface, hydrophobic 
aerial mycelia form, which differentiate to produce long chains of spores with 
a species-characteristic phenotype. The formation of aerial mycelia is 
typically associated with the lysis of substrate mycelium, often accompanied 
by the simultaneous production of antimicrobial compounds. A fresh pool of 
microbial metabolites is released during lysis which may be used to fuel the 
sporulation process (Mendez etal., 1985b).
The genus Streptomyces has generated a large degree of both academic
and industrial interest. The complex life cycle of spatial and temporal 
differentiation and the ability to produce a wide range of non growth- 
associated metabolites has provided interest and funding for research and 
development, both inside and outside academia. These metabolites have 
uses in the fields of medicine, science and animal husbandry. The first 
commercial streptomycete fermentation was initiated in 1954, following the 
discovery of streptomycin in Streptomyces griseus (Schatz, Bugie and 
Waksman, 1943) and study of the genetics of the genus was initiated by the 
pioneering work of D.A. Hopwood in the 1950's.
Streptomyces species produce over 70% of all known antibiotics (Berdy,
1980); this includes 80% of all antibiotics commercially produced. As a result 
there is tremendous interest in exploiting the genus for products with novel 
uses. Industrial processes using Streptomyces are highly competitive, 
moderate-volume, high-value fermentations; these processes are developed 
by in-house research and remain as confidential, unpublished work. The 
systematics and taxonomy of the actinomycete genera are in a state of 
constant updating and renewal. As recently as 1987, Streptomyces 
erythreus was reassigned to the genus Nocardia and given the name 
Saccharopolyspora erythrea based on the presence of meso-diamino- 
pimelate in the cell wall in contrast to Streptomyces which possess L-L- 
diaminopimelate (Donadio eta l., 1989).
Streptomyces Development
1.1 Germination
Streptomyces undergo a complex life-cycle, one stage of which includes 
sporulation, generating spores for dispersal. On germination, the spores 
swell, lose retractility and germ tubes appear. The amino acid L-valine is 
commonly found to stimulate and L- glutamate to inhibit germination of 
spores, whilst germination appears to be dependent on the presence of 
sufficient concentrations of Ca2+ ions (Ensign, 1978; Salas et a!., 1983). 
Consequently germination is often poor in defined medium which is capable 
of supporting good post-germination mycelial growth. Trehalose is common in 
spores and is thought to act as an energy source (Ensign et a l,  1986). It has 
been postulated that energy reserves and spore-history (such as the nutrient 
environment at the time of sporulation) are extremely important in effecting 
efficient germination and subsequent mycelial growth (Vanek, 1988). 
Additionally, it has been suggested that antibiotics may play a role in 
maintaining dormancy and the timing of spore germination. This hypothesis 
is based on the identification of three antibiotics, monensin, lasalcolid and
roseofungin, in spore coats, although their role is unknown (Grafe, 1988).
1.2 Vegetative growth
1 -2.1 Actinomvcete Vegetative Cell Structure
Polyphosphate granules and lipid globules are the most common cytoplasmic 
inclusions in Streptomyces. The importance of polyphosphate is described in 
section 3.4.4. Lipid inclusion bodies represent sites of accumulation of 
neutral lipids, whilst storage of polyhydroxybutyrate has been observed in 
some species (Kannan and Rehacek, 1970). There is evidence that large 
quantities of spermine (a polyamine, widespread in bacteria and yeasts) may 
accumulate in thermotolerant (but not mesophilic)Streptomyces (Hamana 
and Matsuzaki, 1987). In E. coli it is known that spermine may stabilise DNA. 
It may have a similar role in thermotolerant Streptomyces.
The cell wall consists of peptidoglycan, together with teichoic acid and neutral 
polysaccharides. Cross walls form to delimit the individual hyphae (Locci and 
Sharpies, 1984). Cell-cell contact is maintained between the compartments 
by microplasmodesmata-like pores (Caslavska eta l., 1978).
1.2.2 Growth on solid media
Following germination and spore outgrowth, streptomycetes produce hyphae 
which branch and spread radially, forming monocentric colonies when grown 
on solid media. Growth occurs by tip extension, demonstrated by pulse- 
chase labelling of N-acetyl-D-glucosamine and autoradiography in S. 
antibiotlcus, and S. coelicolorA3(2) (Brana, 1982; Gray eta l., 1990). Unlike 
filamentous fungi, germ tube hyphae have faster extension rates than hyphae 
which develop later (Allan and Prosser, 1985).
1.2.3 Growth in Submerged Culture 
1.2.3a Branched mvcelial growth
In studies of actinomycete mycelial growth in continuous culture with glucose 
as the limiting substrate, it was observed that the hyphal growth unit varies 
according to the strain and the dilution rate (Kretschmer et al., 1981; 
Riesenberg and Bergter, 1979). The hyphal growth unit may be defined as 
the relationship between the hyphal length and number of hyphal tips 
(influenced by the degree of branching), a coefficient introduced by Trinci 
(1973). Actinomycetes with rapid growth kinetics were shown to have large 
values for the hyphal growth unit, which vary with growth rate. However
Nocardia, (which have very slow growth rates), were found to have a growth 
rate-independent hyphal growth unit. Kretschmer postulated that the mean 
apical growth rate is regulated by a growth rate-dependant mechanism. The 
change in mean apical growth rate with respect to branching rate allows for 
changes in mycelial morphology with respect to the nutrient quality of the 
environment. At low specific growth rates and poor nutrient environments, 
then the predominance of apical growth over branching provides a means for 
'searching' for nutrients. At elevated growth rates and relatively better nutrient 
conditions, mycelial growth can be directed to optimising the utilization of 
nutrients in the immediate environment by branching frequently.
A novel unit has since been proposed; the hyphal growth unit volume. This is 
the hyphal growth unit with respect to hyphal volume (Trinci, 1990), and 
remains constant with variation in dilution rate in S. hygroscopicus. Trinci has 
proposed that mycelial organisms (both fungi and actinomycetes) can 
regulate branch initiation by monitoring biomass accretion and responding to 
growth conditions to maintain a constant hyphal growth unit volume. The 
biochemical basis for this mechanism is unknown (Trinci, 1990).
During mycelial growth in prolonged continuous culture, it is common for the 
parental strain to be supplanted by highly branched morphological variants, 
called friable or colonial variants, discussed in Chapter 4. Very little work in 
this field has been carried out with Streptomyces, and hence data for 
filamentous fungi are discussed. In the fungus Neurospora crassa, it has been 
shown that cAMP mediates in the control of mycelial branching, and that 
endogenous cAMP levels in wild type are greater than in colonial strains, 
correlating with the degree of mycelial branching (Scott et a i,  1973; Pall et a l,  
1981). The variants are suggested to reflect aberrations in a putative control 
system mediated by cAMP. It is known that mechanical shear, rapid 
temperature changes and treatment with uncoupling agents all cause rapid, 
transient increases in the levels of intracellular cAMP in Neurospora crassa. It 
is postulated that a basal level of cAMP is required for normal growth; if this is 
varied, as part of a stress response, or due to exogenous supply, then a 
different set of responses is triggered (Trinci, 1990). In S. coelicolor, colonial 
variants arising in continuous culture were unable to make the antibiotics 
undecyl prodigiosin and actinorhodin (Hobbs, 1988).
Although cAMP is present in Streptomyces, the role it plays has only been 
studied with respect to secondary metabolism and nutrient repression. It does 
not appear to have a role in catabolite repression and it is regarded as having 
an unknown function (Aharonowitz, 1982). However during growth phase, 
intracellular cAMP concentrations for S. hygroscopicus have been shown to
be relatively high, decreasing prior to the onset of idiophase. This response 
has been suggested to be associated with differentiation processes unrelated 
to secondary metabolism (Martin, 1989). In general, in submerged culture of 
Streptomyces it is common for morphological changes to occur during 
cultivation; distinct phases of primary and secondary mycelium with changes 
in mycelial morphology have been reported for S. rimosus, and S. griseus in 
which the formation of secondary mycelium is correlated with antibiotic 
production (Bader,1986; Luedeking, 1967; Erdei eta l., 1973). By comparison 
with some filamentous fungi, it may be worthwhile to investigate whether 
cAMP in Streptomyces in submerged culture may mediate in responses 
(putatively stress- and/or differentiation-related), which are manifested as 
changes in mycelial morphology.
There is a fundamental lack of information and research into modelling and 
simple investigation of the basic growth kinetics and morphology of 
Streptomyces in submerged culture. In view of the economic importance of 
submerged culture of Streptomyces this is surprising and somewhat short­
sighted, a sentiment echoed by Bushell in his review (1988). In addition to 
the reports by Kretshmer, and Riesenberger and Bergter (1979a; 1979b;
1981), discussed earlier, other reports include work on modelling the washout 
kinetics of S. coellcolor pellets and a comparison of image analysis with 
digitizing table analysis for analysing mycelial morphology (Tough, 1990 - 
unavailable for reference; Adams and Thomas, 1988). The tedious, 
unrewarding and time-consuming nature of quantitative analysis of mycelial 
morphology, together with the small dimensions of streptomycete hyphae 
must be partly to blame for the lack of interest in the subject. However, with 
the introduction of low-cost, high-powered microprocessors, and the 
availability of image analysis application software, semi-automated image 
analysis is now feasible. Such technology would remove the tedium inherent 
in quantitative analysis of mycelial morphology, and would free manpower for 
more immediately-satisfying, related areas of research within the same 
project.
1.2.3b Mycelial Growth in the Form of Pellets
For submerged culture of mycelial organisms, one of two gross morphological 
forms are adopted; either filamentous or pellet mycelial growth (Pirt, 1966). 
The formation of mycelial pellets in submerged cultures of filamentous 
organisms is related to the inoculum concentration, dissolved oxygen 
tension, culture shear in cultivation, pH and polymer additives (Byrne and 
Ward, 1989; Schugerl eta l., 1983: Braun and Lifshitz, 1991). Pellet structure 
varies between species, from densely-packed mycelium where diffusion
through the pellet limits growth, to loosely-woven mycelium, where mass 
transfer may be effective in nutrient transport to the hyphae at the interior (Pirt, 
1966).
Mycelial growth in the form of pellets is important due to the negative 
influence it can have on growth and product formation. Estimations of the 
distance a diffusing nutrient can penetrate cell tissue were made by Pirt 
(1966, using the Hill analysis, 1910). For glucose limited growth, the 
theoretical maximum distance for diffusion of glucose was 260 pm; and for 
dissolved oxygen, 40 pm. As pellets are usually larger than these distances 
(pellet diameters of up to 8 mm have been recorded for S. thermonitrificans), 
then the mycelium at the centre of a densely-packed pellet will be starved of 
nutrients. The growth rate for mycelium in the form of densely-packed pellets 
is, therefore, less than the maximum specific growth rate for mycelium in the 
filamentous growth form, due to this diffusional limit to growth. Pelletting also 
results in a heterogeneous population of mycelia, which may be detrimental 
to product formation, and secondary metabolite production may occur 
asynchronously. In pellets of S. tendae, four different regions of hyphal 
growth have been identified. An outer layer, within which active growth can 
occur, two partly-lysed middle layers, and a central fully-lysed zone (shown in 
Braun and Lifshitz, 1991). It has been postulated that the study of the 
influence of pellet morphology on the productivity of secondary metabolites 
may be a tool for directing the formation of specific metabolites which would 
be unavailable in free-cell systems, e.g. in the low-oxygen environments 
which occur at pellet centres, or as pseudo-immobilised cultures (Braun and 
Lifshitz, 1991). The growth kinetics of Streptomyces pellets are similar to 
those of agar colonies (Bushell, 1988).
1.3 Sporulation
It has been shown that lysis of the substrate mycelium fuels the development 
of aerial mycelium and pulse-chase labelling studies have shown that nutrient 
migration occurs from the base of the colony towards the upper regions for the 
development of aerial mycelium (Mendez et a!., 1985a and 1985b). Glycogen 
has been implicated as having a role in the process of sporulation; it is 
thought that the mobilisation of stored glycogen may induce turgor pressure 
changes and supply energy for the emergence of aerial mycelium (Chater,
1989).
Streptomycete spores are formed from the hyphal parent cell wall. They are 
produced either singly, in chains or spore vesicles and develop as a result of 
the septation of pre-existing hyphae. Following septation, the deposition of
additional wall material occurs and septum cleavage and condensation of 
cytoplasmic contents then take place to form the mature spore. A fibrous 
sheath surrounds the spores and gives the aerial mycelium its species- 
characteristic colour and appearance. The major role for spores in the life 
cycle of Streptomyces is in the colonization of new environments by 
dissemination in soil water.
1.4 Regulation of Development- Current Knowledge
Conditional mutants in aerial mycelium formation are readily isolated in S. 
coelicolor, one of these mutant classes, bldA has been studied in depth. The 
bldA gene product codes for a rare leucine tRNA (TTA codon), which 
recognises UUA codons. The model proposes that the bldA gene product is 
required to transcribe the regulatory molecules for the initiation of sporulation 
and antibiotic production. Secondly, the whiG gene in S. coelicolor encodes 
a specific sigma factor a whiG. Expression of whiG in submerged culture on a 
high copy number plasmid, leads to sporulation in submerged culture; and for 
cultivation on solid substrates, abundant premature sporulation. Inactivation 
of whiG leads to complete absence of sporulation. Whi G  is therefore 
implicated in the regulation of sporulation, specifically in the decision for 
change in aerial mycelium extension to sporulation. These two areas of 
research are reviewed by Chater, in more detail than is applicable here 
(1989).
1.5 Secondary Metabolism
In 1961 the biphasic growth profile in submerged culture characteristic of non 
growth- associated product kinetics was recognised and defined (Bu'lock, 
1961). The two phases are now called the growth, primary or tropho phase 
and the production, secondary or idio - phase. Metabolites produced in the 
idiophase are called idiolites, or secondary metabolites. Previously (and 
subsequently) there has been tremendous speculation about the role of 
secondary metabolites to the producing organism.
It was recognised in 1974 that "secondary metabolism is an aspect of the 
differentiation which limited growth usually implies", recognising that the 
production of secondary metabolites in submerged culture tends to occur in 
conditions of nutrient limitation (Bu'lock, 1974). Limited or unbalanced growth 
is not a condition restricted to organisms which produce the commonly-known 
secondary metabolites, such as the antibiotics and ergot alkaloids; the 
production of these non-essential metabolites is one manifestation of limited 
growth. Limited or unbalanced growth in Klebsiella aerogenes leads to the
accumulation of precursor molecules such as acetate (Neijssel and Tempest, 
1975). In Escherichia coli B SPAO ethylene is produced in a secondary 
production phase, in cultures grown on L-methionine (Shipston and Bunch, 
1989). In E.coli ML308 acetate excretion is observed in cultures with excess 
glucose, in a non-growth associated production phase (Holmes and Bennet, 
1971). Following glucose depletion, the acetate is utilised as an energy 
source. In both cases of acetate excretion, acetate may be regarded as a 
secondary metabolite, which is not essential for growth but allows a condition 
of unbalanced growth to be maintained. Manipulation of the central metabolic 
pathway of carbon catabolism (supplying an additional plasmid-encoded 
copy of phosphoenol pyruvate carboxylase) enabled a reduction in acetate 
excretion and a concurrent increase in growth yield (Okungbawa, 1991). 
Hence it may be suggested, by extrapolation to Streptomyces, that if the role 
of antibiotic production in Streptomyces is merely to allow the continuation of 
unbalanced growth by catabolism through glycolysis, then increasing the 
throughput of primary precursors may not have the desired effect of 
increasing antibiotic titre. Instead it may enable efficient primary anabolic 
metabolism to continue by ’balancing" growth. It will therefore be interesting 
to observe the effect of influencing precursor supply pathways (by increasing 
the dosage of key primary metabolic pathway genes) on the kinetics and 
antibiotic production profile of S. coelicolor (work in progress in this 
laboratory). The potential for increased antibiotic titres in streptomycete 
strains manipulated in this manner may merely require further manipulation of 
the growth conditions.
Work on S. coelicolor, using proline transport mutants which are also blocked 
in proline degradation has shown that these mutants overproduce undecyl 
prodigiosin possibly due to the lack of proline degradation (the mutation does 
not stop proline transport, but allows transport which is not subject to 
feedback regulation). Undecyl prodigiosin is biosynthesised from proline 
(Feitelson eta l., 1985). This implies that undecyl prodigiosin production in S. 
coelicolor A3(2) is not feedback-regulated (Hodgson, 1990). It can therefore 
be postulated that the production of undecyl prodigiosin in S. coelicolor may 
be a mechanism for the continuation of unbalanced growth. The organisms 
that produce complex secondary metabolites are also developmentally 
complex; therefore these products may play a role in cell-cell communication 
and cytodifferentiation (Nlsbet and Porter, 1989). Recent reviews of fact and 
speculation regarding the functions of secondary metabolites include those of 
Vining, (1990) and Davies, (1990).
1.6 Autoreaulation and The Role of Secondary Metabolites in the Natural Life 
Cycle of Streptomyces
Autoregulation in Streptomyces has been described in detail (Grate, 1989).
A brief summary of some known functions for autoregulators is presented 
below in association with their perceived role and importance in the natural 
life cycle of Streptomyces.
A factor. A factor mutants of S. griseus have been shown to lose both the 
capacity for streptomycin biosynthesis and sporulation (Horinouchi and 
Beppu, 1988: Hara eta l., 1983). Exogenous supply of A factor restores 
sporulation and streptomycin biosynthesis and as a result, it is suggested that 
A factor acts as an intraspecific pheromone promoting cytodifferentiation, 
sporulation and antibiotic biosynthesis (Chater, 1989). Exogenous A factor 
may act as either a stimulator or inhibitor of sporulation in a range of 
Streptomyces species and may interact with a separate regulatory gene 
AfsB  to achieve the same results. Of a total of 203 actinomycete strains 
investigated, 30 were found to elaborate A factor-like substances (Hara and 
Beppu, 1982)
Factor C. Factor C is a regulatory protein, important in the induction of 
sporulation, and is expressed in all 23 streptomycete strains which have been 
examined (Szeszak eta l., 1990). It is found in reproductive hyphae and 
induces the release of intracellular potassium with a concomitant increase in 
intra- and extracellular NAD glycohydrolase activity. Factor C has an 
antagonistic effect with factor A: potassium efflux stimulated by factor C is 
reduced by factor A. Similarly the increase in NAD glycohydrolase activity 
which occurs with factor C, may be reduced by factor A. Factor C acts 
synergistically with nicotinamide in the stimulation of potassium efflux. It has 
been speculated that factor C may exert its effects on sporulation by 
mediation through a membrane receptor molecule, possibly by ribosylation, 
which would explain the interaction with NAD glycohydrolase (Barabas,
1988)
Pam am ycin. This stimulates aerial mycelium formation in A m y  mutants. 
The pamamycin-producing strain, S. alboniger, also produces two inhibitors 
of the formation of aerial mycelium which, in turn, reverse the effect of 
pamamycin. Pamamycin acts as an inhibitor of the respiratory-dependent 
uptake of inorganic phosphate by the host (Kondo et a!., 1988). This mode of 
action is interesting as phosphate regulation is known to be physiologically 
important in Streptomyces (see Section 1.8).
A G erm ination Inhibitor is known to be produced by Streptomyces  
viridochromogenes (Ensign et al., 1976). It is a lipophilic antibiotic which 
inactivates Ca2+ - activated ATPase. Inhibition is removed as a result of 
binding Ca2+ ions to the inhibitor. The Ca2+ ions may be present in the 
medium, or in intraspore reserves; alternatively the inhibitor may be leached 
from the spores into the medium, so allowing germination to take place. It is 
postulated that the leaching of an inhibitor into the medium prevents 
germination of spores of other species and confers a selective advantage 
(Ensign eta l., 1980; Grund et al., 1985).
Autoregulation, illustrated by the examples described above, is widespread in 
Streptomyces and may represent an important survival mechanism in the soil 
ecosystem. The competitive effectors and inhibitory properties of some of the 
secondary metabolites may hold the physiological state of a culture in a 
precise condition such that the existence of a regulation event is 
undetectable.
1.7 Regulation of Secondary Metabolism at the Molecular Level
The regulation of secondary metabolism is intuitively mediated by molecules 
or cascades which ultimately must result in an induction at the genetic level to 
allow formation of the metabolite. The regulation of the formation of a class of 
compounds as diverse as the secondary metabolites produced in 
Streptomyces is necessarily complex, and many reports suggest that 
regulatory responses are either species-specific or pathway-specific. Simple 
classification of regulatory systems is not feasible, and at most, either specific 
examples or only very general trends (e.g. nutrient repression, detailed in 1.8) 
can be stated. In addition, in some cases there appear to be a number of 
different means for achieving the same effect.
Streptomyces display the stringent response on nutrient "shift down" (where 
mycelium is transferred from casamino acid medium to synthetic medium), or 
on the addition of serine hydroxamate, a competitive inhibitor of seryl-tRNA 
synthestase (Riesenberg etal., 1984; Ochi, 1986; Bibb and Strauch,1990: 
Strauch eta l., 1991). Nutritional shift-down leads to a reduction in the rate of 
RNA synthesis, the accumulation of intracellular ppGpp and pppGpp and 
reductions in growth rate, responses which are also observed in E. coli 
(Cashel and Rudd, 1987). Inducer accumulation in the stringent response in 
Streptomyces has been implicated as one level of regulation of secondary 
metabolism, although mechanistic coupling has not been demonstrated 
(Ochi, 1987b). More recently, it has been negated as a direct response 
associated with the production of antibiotics in S. coelicolor based on
comparisons between serine hydroxamate-treated cultures and those 
subjected to nutritional shiftdown (Strauch eta l., 1991). Cultures with serine 
hydroxamate added during exponential growth showed a continuation of 
exponential growth, accumulation of ppGpp, reduction in the rate of RNA  
synthesis and antibiotic production kinetics which followed a normal pattern 
(i.e. antibiotic production in stationary phase). However cultures subjected to 
nutrient shift -down at the same stage in growth as the serine hydroxamate- 
treated cultures showed a switch into antibiotic production within 1 hour 
(assessed by identiying a specific transcript asssociated with the production 
of the antibiotic actinorhodin). It was suggested that the precise role of the 
ppGpp increase was difficult to determine (the ppGpp increase was 
"necessary, but not sufficient" for the induction of actinorhodin production in 
S. coelicolot). It was noted that the observed influences of nutritional shift 
down were probably a result of the physiological trauma involved in amino- 
acid starvation, rather than a feature of the stringent response (Strauch eta l.,
1991).
The stringent response may be induced automatically by growth on defined 
media. For Streptomyces spp. MA406-A-1, growth of cultures on defined 
medium resulted in a high intracellular concentration of ppGpp throughout 
growth. However antibiotic production occured in stationary phase, implying 
a level of control of antibiotic production superimposed or combined with the 
response to ppGpp accumulation (Ochi, 1986). The increase in GTP  
accumulation which occurs on induction of the stringent response is thought 
to mediate in the induction of morphogenesis and sporulation (Ochi, 1987)
It appears likely that Streptomyces, in a similar manner to Bacillus use 
different classes of RNA polymerase to sequentially express sets of genes 
during its developmental cycle, potentially allowing temporal control of gene 
expression. RNA polymerase exists as a holoenzyme, composed of 5 
subunits (a88'5),of which the sigma factor is required for promoter recognition. 
Sigma factor heterogeneity has been observed in Streptomyces 
(Westpheling eta l., 1985) and at least 7 different forms have been identified 
inS. coelicolor alone. This is reviewed by Buttner (1989).
It has been proposed that differentiation and antibiotic biosynthesis are 
controlled by a cascade of physiological events triggered by a common 
effector, possibly ATP (Martin, 1988). This is discussed in more detail in 
section 1.10.2.
1.8 Secondary Metabolite Production in Submerged Culture
Antibiotics may be produced in non-ecological conditions, in large volumes of 
liquid media on production scales. The "signals" for production of antibiotics 
in liquid culture, and their role in the life cycle of the organism may be different 
to those used by the organism colonising solid substrates. In liquid culture, 
with the exception of one known strain, S. griseus, sporulation is suppressed, 
and yet in the correct nutrient and growth conditions antimicrobial products 
may be produced (Kendrick and Ensign, 1983). It has also been reported that 
the morphology of the strain in liquid culture is important for the formation of 
antibiotics (Luedeking, 1967). As previously explained, filamentous 
organisms are found to adopt either open mycelial or pelletted forms of 
growth in liquid culture.
Characteristically antibiotics are produced in a non growth-associated 
manner. In complex medium, antibiotic formation normally occurs during the 
stationary phase of growth when the growth rate slows due to a nutrient 
limitation, or due to build up of toxic products. In economic fermentations, the 
length of stationary phase may be prolonged by supplying additional carbon 
sources to supply energy for mycelial maintenance functions and to extend 
the period of antibiotic production. In contrast, it is common to see growth- 
associated antibiotic production in cells which are transferred from a rich to a 
defined medium (Vining and Doull, 1988).
Several reviews of the physiological regulation of secondary metabolism are 
available, discussing specifically the influences of carbon, nitrogen and 
phosphate repression on secondary metabolism, or dealing with the the wider 
question of physiological regulation (Shapiro, 1989; Bushed, 1989;
Martin, 1989a; Demain, 1989; Trilli 1990). Characteristically, these reviews 
consist of accounts of the responses shown by specific organisms, and the 
trends that can be inferred from the response. These reflect the complexity of 
the processes involved, the diversity of secondary products and the lack of 
definitively-identified common effector molecules. A summary of the 
importance of these nutrients in the control of antibiotic production in 
Streptomyces is given below.
1.9 Nutritional Regulation of Secondary Metabolism
1.9.1 Carbon Catabolite Repression
Generally when glucose is supplied to Streptomyces cultures, it is consumed 
rapidly but interferes with the biosynthesis of secondary metabolites (Vining,
1988). In addition, various enzymes which are not considered to be 
concerned with secondary metabolism are repressed by glucose e.g. glucose 
isomerase, B-glucanase and a-amylase (Virolle, 1986; Lilley and Bull, 1974; 
Sanchez and Quinto, 1975). It is generally accepted that cAMP mediated 
carbon catabolite repression is not a mechanism which, in general, leads to 
de-repression of the genes for the biosynthesis of secondary metabolites 
(Aharonowitz, 1982; reviewed by Demain, 1989), although some conflicting 
evidence exists (Colombo eta l., 1982).
Glucose, glycerol and citrate may exert some form of repression on antibiotic 
synthesis in different species. S. clavuligerus cannot utilise glucose, 
suspected to be due to the lack of a glucose transport system, and the 
preferred carbon source is glycerol. However glycerol exerts a repressive 
effect on secondary metabolism (Williams and McDonald, 1966; Aharonowitz 
and Demain, 1978). In S. niveus, carbon catabolism of citrate is preferred to 
that of glucose, and on a mixed carbon source a diauxic response is shown. 
After citrate is exhausted, there is a lag phase as the organism begins to 
utilise glucose, succeeded by the formation of novobiocin (Kominek, 1972).
In S. coelicolor, glucose has a repressive effect on antibiotic biosynthesis 
and glucose kinase has been implicated as an important enzyme influencing 
this repressive effect. Mutants of S. coelicolor which were defective in 
glucose kinase (and were unaffected in glucose transport) were less sensitive 
to glucose repression of antibiotic synthesis than the parental strain 
(Hodgson, 1982; Seno and Chater, 1983). In S. fradiae and 
Saccharopolyspora erythrea carbon source repression of secondary 
biosynthesis is mediated by phosphorylated sugars, in agreement with the 
results for S. coelicolor (Madry eta l., 1979; Escalante eta l., 1982).
Specific enzymes of secondary metabolic pathways have also been shown to 
be repressed by the presence of glucose. Phenoxazinone synthase in the 
actinomycin pathway in S. antibioticus is suppressed by the presence of 
glucose. This repression has been shown to be exerted at the transcriptional 
level by mRNA studies (Jones, 1985). Similar effects on a several enzymes in 
the biosynthetic pathway are seen for cephalosporin biosynthesis and 
puromycin biosynthesis in S. alboniger, S. parvullus and S. lactamdurans 
(Katz, 1980; Cortes eta l., 1986; Sankaran and Pogell, 1975).
The role of carbon regulation is complex, as the concentration or type of 
carbon source may influence the growth rate of a producing organism. This 
influence may occur due to increased carbon source utilization upon supply, 
resulting in increased growth rates, or reduction in growth rate in cases of 
depletion. In addition, growth rate limitation may be conferred in the case of
slow-release carbon substrates such as starch, or by growth suppression in 
cases of growth inhibition. The role of the carbon supply is complicated by the 
inextricable linkage between carbon and energy supply to heterotrophic 
microorganisms. As a result, it can be postulated that effects linked with 
carbon metabolism may be mediated through precursor supply pathways, or 
through molecules involved in energy storage or supply.
1.9.2 Phosphate Repression
1.9.2a Physiological Observations
A wide range of secondary metabolic pathways are subject to regulation by 
phosphate. The aminoglycosides, tetracyclines, macrolides, polyenes and 
polyether biosynthetic pathways seem to be highly sensitive to the phosphate 
concentration in the environment. Inhibition is observed with phosphate 
concentrations in excess of 3-5mM phosphate in the organisms producing 
these antibiotics. In contrast, the peptide and B-lactam antibiotic pathways are 
less sensitive to phosphate concentration; inhibition is observed with 
phosphate concentrations in excess of around 25mM (Aharonowitz and 
Demain, 1977).
Specific mechanisms of phosphate regulation have been identified, e.g. 
phosphatase inhibition in the streptomycin and neomycin biosynthetic 
pathways and the direct inhibition of antibiotic synthetases (Miller and Walker, 
1969; Majumdar et al., 1979 . Direct inhibition may be observed with 
anhydrotetracycline oxygenase in the tetracycline biosynthetic pathway 
(Behai eta l., 1979; Behai eta l., 1982), PABA synthase in the candicidin 
biosynthetic pathway (Gil etal., 1985) and at least four synthetase enzymes in 
the production and conversion of protylonolide in the biosynthesis of tylosin 
(Madry, 1982). As described in section 1.9.1, there is also some evidence 
that phosphorylated sugar molecules may exert a regulatory effect on the 
biosynthesis of antibiotics in S.coelicolor, S. fradiae and Saccharopolyspora 
erythrea.
There are a battery of phosphorylated molecules which may mediate in 
response to environmental conditions. These include cAMP, ATP (and the 
'Energy Charge'), GTP, ppGpp, and pppGpp. The role of GTP, ppGpp and 
pppGpp have been described in association with the stringent response. The 
evidence regarding carbon catabolite repression mediated by cAMP has 
been reviewed by Demain (1989). Reports suggest that cAMP does not 
mediate in the responses shown by Streptomyces to phosphate repression 
(Martin, 1989). For phosphate-limited cultures of S. griseus, the phosphate
inhibition, and relief of the inhibition by addition of exogenous phosphate has 
no influence on cAMP concentration (Terry and Springham, 1981). However, 
ATP has been shown to be a potential mediator, as intracellular levels of ATP  
show a rapid increase in response to exogenously-added phosphate 
(Effenberger eta l., 1983). In addition intracellular ATP levels in S. 
aureofaciens have been shown to vary between high and low titre producing 
organisms (Janglova eta l., 1969). Phosphate limitation has been shown to 
uncouple respiration in turimycin producing cultures, leading to a rapid 
decrease in ATP formation rate (Effenberger etal., 1983). The concentration 
of adenylates in S. fradiae was found to correlate with growth phase; high 
concentrations of adenylates occurred during trophophase and low 
concentrations during idiophase (Vu-trong et al., 1980). The energy charge, a 
parameter useful for considering energy-linked metabolic control, has been 
suggested to relate to the regulation of secondary metabolism (Atkinson, 
1969). The energy charge is a numerical value which quantifies the 
relationship and concentration of the various phosphorylated adenosine 
molecules within a culture. However in S. griseus and S. fradiae, the energy 
charge remained constant throughout growth and antibiotic production 
(Martin eta l., 1978; Vu-trong etal., 1980: Vu-trong eta l., 1981). Martin has 
proposed that it is the concentration of ATP rather than the energy charge 
which mediates in phosphate control (Martin, 1989).
1.9.2b Observations at the Molecular-Genetic Level
A specific DNA sequence (a "phosphate control sequence") has been 
isolated from a 1Kb fragment, located upstream of the pabS  gene in S. 
griseus. A 113bp fragment has been isolated from this fragment, which is 
recognized by S. lividans RNA polymerase (Rebollo et al., 1989). Genes 
fused to this fragment, became subject to phosphate repression, and a 
functional analogy between the operator sequences recognised by cAMP 
receptor protein (CRP) in the lactose and galactose operons has been made 
(Martin, 1989).
Studies of phosphate deregulated mutants have been made in S. noursei, S. 
aureofaciens and S. griseus (Novotna etal., 1984; Hanel e ta l., 1984). 
Phosphate deregulated mutants of S. noursei, S. aureofaciens and S. 
griseus produced high titres of antibiotic in normally antibiotic-repressing 
phosphate concentrations. In addition mutants of S. noursei contain high 
intracellular ATP concentrations. Martin has proposed that phosphate- 
deregulated mutants of Streptomyces are impaired in energy metabolism, 
suggesting a role for ATP in the mediation of secondary metabolism, and the 
"cascade hypothesis", where secondary metabolism and differentiation
process are postulated to be controlled by "Master Genes" which trigger these 
responses in cascades (Martin, 1989). Phosphate control sequences, and 
their importance in control has been reviewed (Liras e t al, 1990).
1.9.3 Nitrogen Regulation
Traditionally, complex sources of nitrogen have been used as principal 
nitrogen sources in commercial fermentations. These include residues from 
the processes of soya oil production (soybean meal), corn flour production 
(corn-steep liquor) or brewing (distiller's solubles). These nitrogen sources 
empirically were found to give favourable yields in production processes due 
to the 'slow release' of metabolisable nitrogen as the fermentation progressed 
(G. T. Banks, personal communication). In general it is recognised that an 
excess of ammoniacal nitrogen at the onset of secondary metabolite 
production can either delay the secondary growth phase, and/or reduce final 
titres of product (Shapiro, 1989).
The presence of ammonium ions in culture broth typically represses the 
synthesis of many secondary metabolites, e.g. the production of 
cephalosporins by S. clavuligerus; erythromycin by Saccharopolyspora 
erythrea; chloramphenicol by S. venzuelae ; tylosin by S. fradiae and 
lincomycin by S. lincolnensis (Aharonowitz and Demain, 1979; Brana et al., 
1985; Flores and Sanchez, 1985; Westlake etal., 1963; Shapiro and Vining, 
1983; Masuma eta l., 1983; Young eta l., 1985). Glutamate dehydrogenase, 
alanine dehydrogenase and glutamine synthetase are implicated in the 
regulation of secondary metabolism, however conflicting patterns and 
relationships exist between the activity of these enzymes and the pathway 
effects which are observed. In S. clavuligerus a correlation between high 
glutamine synthetase activity and cephalosporin titre has been shown, 
whereas in S. noursei, the opposite effect has been shown (Aharonowitz and 
Demain, 1979; Grafe, 1977). The review by Shapiro (1989), provides a very 
detailed account of the nitrogen regulatory effects reported for each class of 
antibiotics.
1.10 The Influence of Dissolved Carbon Dioxide and Oxygen on The. 
Production of Secondary Metabolites
Carbon dioxide has been found to be toxic to the growth of some filamentous 
organisms, and results in decreases in productivity particularly in fungi (I. 
Hunter, personal communication). However there are no reports that this is 
true for Streptomyces. For commercial Streptomyces production processes, 
using broths with high biomass densities, growth inhibition due to high
dissolved carbon dioxide concentrations can occur, and has deleterious 
consequences on antibiotic titres (K. Dixon, personal communication).
In S. rimosus and S. aureofaciens, a doubling in productivity was observed 
for a 6.2  fold increase in oxygen partial pressure for wild type strains, 
achieved by increasing the total pressure (Liefke eta l., 1990). High yielding 
mutant strains were more sensitive to pressure than the wild type strains, and 
productivity decreased with increasing total pressure in these strains. A 
general tendency for growth inhibition was observed for all strains at the 
elevated pressures. This report is important as the hydrostatic pressure 
experienced at the base of a large production-scale fermenter is 
considerable; and if not taken into account in process design and strain 
selection, can result in failure in scale-up procedures.
1.11 Growth Rate Regulation of Secondary Metabolism
Secondary metabolism tends to occur at low specific growth rates for the 
producing organism in submerged culture (Bu'lock, 1975). The nutrient- 
mediated effects described in section 1.9 may, therefore, be the result of 
growth rate effects which are observed as a consequence of the varying 
nutrient concentration. In order to rigorously investigate the physiology of 
secondary metabolite production, the nutrient variables must be varied 
independently of growth rate in chemostat culture. The data in the following 
section have been obtained from growth in chemostat culture.
In many cases there is an inverse relationship between the optimum 
production of a metabolite and growth rate, as expected. Inverse 
relationships for specific productivity of antibiotic with growth rate occur for the 
production of thienamycin and cephamycin by S. cattleya in phosphate, 
carbon and nitrogen-limited cultures (Lilley et al., 1981); and the production of 
tylosin in S. fradiae in a range of nutrient limited environments (Gray and 
Bhuwapanthanapun, 1980). However, direct relationships exist for growth 
rate and antibiotic production by S. aureofaciens under either carbon or 
nitrogen-limited conditions (Sikyta eta l., 1961),Saccharopolyspora erythrea 
under phosphate and nitrogen-limited conditions (Trilli eta l., 1987; Trilli, 
1990), and S. rimosus in phosphate, dual phosphate-carbon and phosphate- 
nitrogen limitations (Rhodes, 1984).
1.12 Process Design for Secondary Metabolite Production
Optimisation of fermentations for the production of secondary metabolites 
must fulfil three requirements;
i) the fermentations must enable accumulation of high biomass 
concentrations with high molar growth yields in a relatively short time,
ii) a transition into a high productivity stage of secondary metabolite 
production must be achieved and
iii) the secondary metabolite production phase should be sustained.
The concentration of metabolite in the culture broth is very important 
economically, as up to 50% of production costs may be in the recovery stage 
(Stowell, 1983). Plant required for solvent extraction is extremely expensive 
owing to the requirement for a spark-free environment, whilst solvents and 
their recovery are costly and often inefficient processes. Hence, although 
productivity may be enhanced, in economic terms the concentration of 
metabolite is of major importance. Most industrial process development is 
highly competetive, and unreported. A review of some aspects of this subject 
has been given by Bushell (1988). Wherever possible, examples from the 
streptomycete literature are given, however in some cases, the use of non- 
streptomycete reports is unavoidable.
Strain selection: multivariate analysis has been shown to be of use in the 
selection of mutants with high antibiotic titre; it can be used to design selective 
isolation procedures (Onadipe and Bushell, 1987; Bull et al., 1990).
Selection on the basis of a high specific productivity at a low growth rate, has 
been suggested in screening programs for the isolation of strains with 
improved metabolite production, with the aim of achieving efficient carbon 
conversion (Stouthamer and van Verseveld, 1987).
Batch Culture: Most commercial processes are operated in batch mode, 
often due more to historical reasons and plant availability than those of 
productivity. However, batch culture is probably a 'safe' cultivation method for 
highly genetically unstable strains, which include the high-titre antibiotic 
production strains. In the design of a novel process, the cost structure of the 
project will dictate process priorities,e.g. the optimisation of specific yield with 
respect to substrate, in cases where substrate cost is high. In general, product 
recovery and plant costs will be dominant features in the cost-breakdown of a 
process for production of a secondary metabolite.
Continuous culture: although volumetric productivity is enhanced in 
continuous culture over batch culture (Bailey and Ollis, 1986), product 
concentration is lower, due to the short residence time of broth in the culture 
vessel. In addition, production strains are generally highly mutated, subject to 
instability, and prone to decreased antibiotic titres following prolonged 
cultivation. However the use of continuous culture as an investigative tool is
without doubt, a very powerful technique, useful in the optimisation of a 
process (described in more detail in Section 4 .2 ).
Fed batch; this would appear to be a compromise between the two culture 
systems (batch and continuous) described above for large scale production. It 
is useful for extending the period of productivity of a culture by supplying a 
carbon source, either intermittently or continuously, to fuel cell maintenance 
functions and product formation in non-repressing conditions. The technique 
can be made more sophisticated by the inclusion of a feedback circuit to 
control medium flow e .g . the pH auxostat (Agrawal and Lim, 1984). In this 
cultivation system medium inflow is controlled according to the pH in the 
vessel. It can be further modified with independent flows of medium and base 
to give the "Bistat" (Minkevich etal., 1989; Larsson et a l,  1990).
A variation on simple fed batch culture is to remove part of the culture at 
regular intervals, replacing it with fresh medium, a method known as cyclic 
fed batch culture. Extreme changes in cultivation conditions occur in this 
technique, but can be minimised by suitable attention to cycle control in 
relation to the growth and production kinetics (Bushell, 1988). This technique 
has been successfully used experimentally with the production of tylosin from 
S. fradiae. By variation in the feed volume (amplitude) and time between 
feeds (period), the specific productivity of the culture with respect to tylosin 
was maintained continuously for 10 days (Gray and Vu-trong, 1987).
Immobilisation: this offers many advantages as a method of producing non 
growth- associated products. Growth and culture degradation do not occur, 
and providing efficient immobilisation processes are used which do not 
employ large diffusional limitations, productivity may be high and rapid. 
However, on production scale, unconventional plant are required 
(unconventional that is for the production of secondary metabolites) such as 
air-lift or bubble column fermenters. Repeated batch operation of S. cattleya 
and S. clavuligerus using mycelia immobilised on cotton cloth showed 
constant yield of antibiotics over twenty three-day fermentations (Joshi and 
Yamazaki, 1987). Actinomycin D was produced by S. parvullus, cultivated in 
batch and fed batch mode in a stirred tank bioreactor and immobilised in 
calcium alginate and fermentation carried out in an air-lift bioreactor (Dalili 
and Chau, 1988). The use of synthetic starvation medium in all experiments 
with a carbon and nitrogen derepression was one feature Which enabled high 
productivities to be achieved in these experiments. Providing a low dilution 
rate was used with the continuous, immobilised process, productivity of 
actinomycin D was 1.14 ja.g.ml‘1.h' 1 compared to 0.49 jig .m M fri for the fed 
batch process and 0.15 fig .m M .lr1 for the batch culture. Loss of viability
occurred with the immobilised culture after 9 days of continuous operation, 
and 11 days for the fed-batch culture.
In an economic and productivity comparison of immobilization of 
actinomycetes for use in bubble column reactors with conventional 
methodology, the immobilised processes were potentially bonsiderably 
advantageous (Buckland eta l., 1985)
On-line product removal: many primary and secondary biosynthetic 
processes are subject to feedback inhibition. Product precipitation and 
alteration of pH have been used in the past to crudely alleviate feedback 
inhibition. Conventionally, the reduction or removal of feedback regulation 
may be attained by mutation and selection for overproduction. On line 
product removal would be an alternative simple strategy for the alleviation of 
a regulatory feedback. Dykstra et al., (1988) have described a S. griseus 
fermentation for the production of cycloheximide with an associated, on-line 
step incorporating an adsorption resin immobilised in hydrogel beads for 
product removal. A continuous passage of cell-free broth over the resin and 
back to the fermenter both efficiently removed the antibiotic, preventing 
feedback inhibition, and rendered product concentration and purification 
simultaneously. Adsorption resins, which remove organic solutes from polar 
solvents, are relatively insensitive to fouling (e.g. by broth proteins), and 
possess high loading capacities.
On-line monitoring and control; may represent the most realistic process 
development tool, accepting that high productivity in a defined plant, with a 
defined organism and strain may be determined empirically. In this case, 
precise monitoring and control allows reproducibility between fermentations 
to be attained. Computer control, gas analysis (using solution phase and gas 
phase mass spectrometry) for analysis of all dissolved and gaseous gases 
together with HPLC product analysis is the ideal specification.
Mass balancing, described in detail in chapter 5 is a useful non-invasive tool 
in the investigation of the macroscopic parameters of a fermentation in a 
defined process. It is also an essential technique in physiological state 
variable analysis (or estimation, in the case of incomplete mass balance) for 
fermentation process control (Konstantinov and Yoshida, 1989; Liao, 1989). It 
has been used admirably as a tool for the investigation of secondary 
metabolite formation by S. cattleya (Fryday and Bushell, 1983). In this study 
the RQ value was found to be characteristic of the physiological state of the 
culture and the type of product synthesised. In addition these changes were 
found to coincide with distinct nutrient limitations. When a specific nutrient
reached a low value, formation of a specified metabolite was initiated. 2 1
Information about the efficiency of the process was also determined, based on 
the reductance of nutrients and biomass. This report is discussed in greater 
detail in Chapter 5.
1.13 The Molecular Genetics of Streptomyces Secondary Metabolism
This has been reviewed by Hunter and Baumberg, 1989 and Martin and 
Liras, 1989. Information concerning the available cloned pathways for this 
project have been summarised (Czaplewski,1989), and therefore will not be 
discussed further.
1.14 Thermophilic Streptomyces spp.
1.14.1 S. thermonitrificans ISP 5579
The strain chosen for this project was originally isolated from Indian soil 
(Desai and Dhala, 1967), and was selected for this project on the basis of a 
good "growth performance" in shake flask cultures of TSB, ATCC and L broth 
(L. Harvey personal communication).
Moderate thermophiles tend to span the temperature boundary 55-6G°C, 
whereas extreme thermophiles cannot grow below 55°C (Weigel, 1990). In 
contrast to most Streptomyces which labour in their growth above 30°C , S. 
thermonitrificans has an optimum growth temperature in the range 40-50°C , 
with a maximum growth temperature of 55°C and a minimum of 30°C .
1.14.2 Adaptations to Growth at Elevated Temperature
One of the most important adaptations to growth at elevated temperature is an 
increased saturation in membrane lipids in order to maintain an effective 
delimiting and selective barrier membrane with a liquid crystalline structure. It 
is documented in species other than Streptomyces, that lipid composition is 
adapted both genotypically and phenotypically to growth at high temperature 
(Russell and Fukunaga, 1990; Pond and Langworthy, 1987). In Streptomyces 
a study of the fatty acid composition of a thermophilic strain (an unspecified 
strain) has shown that cells grown at different temperatures show relatively 
small alterations in the saturation of fatty acids. Lipid saturation and branching 
were found to increase with temperature (Heinen and Lauwers, 1983).
Growth at an elevated temperature must elicit efficient enzyme functioning at 
these temperatures. This may be due either to enzymic
thermostability or to a rapid turnover and resynthesis. In general, extreme 22  
thermophiles have enzymes stabilized structurally and by substrate 
interactions so that they have higher temperature optima compared to 
enzymes from mesophiles (Hartley and Payton, 1982). However in a single 
study of a facultative thermophilic streptomycete (unspecified species) a 
thermal 'switching' phenomenon has been observed. For growth below 50°C  
five central metabolic enzymes have been shown to have increasing 
thermostability with growth temperature. However above 50°C  thermostable 
enzymes were produced (Heinen and Lauwers, 1983). In addition, high 
levels of polyamines have been implicated as a feature in enhancing enzyme 
stability of Streptomyces at elevated temperatures (Hamana and Matsuzaki,
1987).
The respiratory chain of S. thermonitrificans has been shown to have 
thermostable substrate-directed respiratory activity, remaining 50%  higher 
than that of S. thermoviolaceous at 55°C. These results were obtained from 
membrane preparations at growth temperatures between 37°C  and 55°C  
(Edwards and Ball, 1987). It has also been shown that S. thermonitrificans 
possesses a d-type cytochrome, a b-type, c-type, a-type and possibly an aa3  
-type cytochrome.
1.14.3 Studies of the Physiology and Molecular Biology of Thermophilic 
Streptomyces
In the commercial arena, a mutant S. thermotolerans was used for the 
bioconversion of macrolide antibiotics into a range of ester derivatives, 
although it is no longer a commercial process (J. Turner, personal 
communication). The advantage of using S. thermotolerans for the acylation 
reaction is that acylation is faster and gives better yield of product compared 
to alternative mesophilic strains. (Shreve et al., 1985). The advantage of this 
particular mutant is that it has a consistent performance in transformation in
contrast to the type strain which produces a macrolide antibiotic, carbomycin, /
ecviSiST(/^ a ©f Lo J h  fne
and hence a mixture of products^Kirsf et'al., 1980). tU. Gtocaioe* yb>-i.
S. thermotolerans has been the subject of an investigation into the molecular 
genetics of carbomycin biosynthesis. The resistance genes, carA and carB, 
have been cloned and sequenced (Epp et al., 1987). CarB  has a greater 
than 50%  similarity with the RNA methylase in Saccharopojyspora erythrea 
and is thought to act as an RNA methylase on 23S rRNA, conferring 
resistance to macrolides. The resistance genes have been used to probe 
libraries to isolate flanking genes. Genes required for lactone formation, for 
addition of sugar molecules to the lactone ring and for acylase activity have 
also been isolated (carC , carD and carE). Subclones containing the genes
conferring acylase activity (carE ) on S. thermotolerans were found to enable 
production of a hybrid antibiotic, isovaleryl spiramycin, when transformed into 
S ambofaciens, and when transformed into S. lividans supplied with 
exogenous spiramycin (Richardson, 1989; Epp et al.,1989).
Another thermomophilic streptomycete, S. thermoviolaceous has been the 
subject of a physiological study. The influence of carbon source and pH on 
granaticin production have been investigated (James and Edwards, 1988). 
Granaticin was found to be synthesised in a growth-associated manner on 
defined medium; it was not limited by nitrogen when glutamate was used as 
a sole source of carbon but was prevented with glucose as a carbon source. 
The repressive influence of glucose could be relieved by the use of a medium 
low in nitrogen. Cytochrome spectra were found to change with growth 
conditions, and a d  type cytochrome was identified in glucose-grown cells.
The enzyme, 6 I-4 glucanase has been studied in defined medium in an 
unspecified thermophilic streptomycete, with the aim of investigating the 
regulation of the extracellular polysaccharase of the strain (Lilley and Bull, 
1974). Maximum production of the enzyme was found to occur during 
stationary phase following the addition of an inducer late in the fermentation.
1.15 Economic Advantages of Thermophilic Fermentations
Thermophilic fermentations are of commercial interest for a number of 
reasons;-
Firstly, extreme thermophiles are known to produce thermostable enzymes, of 
interest for use in large scale applications such as lipases and proteases in 
detergents and for industrial transformation processes (Brock, 1986; 
Kristjansson, 1989). Thermophilic enzymes are also known to tolerate more 
extreme environments than their mesophilic counterparts and are of interest 
for use in dual solvent systems. Secondly, thermophilic processes are more 
efficient to run on a large scale because less energy is required for cooling 
processes. In addition the increased reaction rate reduces turnaround times, 
enhancing the productivity from a particular plant. Process disadvantages for 
fermentation at elevated temperature are discussed in section 1.15.2, 
together with possible methods for their alleviation.
1.15.1 Heat Production in Large Scale Fermentations
In any fermentation there are two major sources of heat evolution; mechanical 
energy from both aeration and agitation, and endogenous heat evolution from 
mycelial growth. In shake flasks and small fermenters, energy input from
mechanical means is small and the heat evolved by respiring mycelia in small 24  
volumes of culture is negligible compared to evaporation and radiation.
However, for production scales, heat evolution by mechanical and 
physiological means is large with respect to evaporation. In any production 
fermentation, a large proportion of energy consumption is directed towards 
cooling the process.
In physical terms an appreciation of the amount of energy consumed by 
cooling may be obtained if we consider the numbers involved.
In a production fermentation
Typical power input = 1 horsepower per 400 litres
= 641 kcal.hr1.400 '1 
= 1.50 kcal.hr1.M
This would tend to raise the medium temperature by 1.5 °C per hour (as the 
specific heat capacity of water is 1 kcal per litre per °C ), based solely on 
mechanical energy input directly delivered to the medium (figures adapted 
from Bader, 1986).
Incorporating endogenous heat evolution into the expression; as the heat of 
respiration of glucose per mole O2 consumed is typically 112 kcal. mol 0 2 ’1, 
and for oil, 104 kcal. mol O2' 1, then for a typical mesophilic fermentation with a 
typical oxygen uptake rate of 30mmol O2 .1"1.hr'1;
heat produced = (30 x10'3) x 110 kcal. moi02'1
= 3.3 kcal.I"1, h r 1 (Adapted from Bader, 1986)
This effect would tend to raise the medium temperature by 3.3°C  per hour.
Hence combined input energies would tend to raise the broth temperature by 
around 5°C  per hour. For microorganisms growing at more rapid rates than 
mesophiles the heat of respiration per unit volume of broth would be greater 
and the increase in temperature more pronounced. Under normal conditions, 
energy is required to remove this excess heat.
Heat is removed from a fermentation using the temperature gradient across a 
heat transfer surface delivered through a water jacket or thtough a transfer 
loop. The source of the coolant is important, and cooling requirements in 
tropical climates are far greater than those in temperate zones, due to the 
shallower temperature gradient between the fermenter and cooling water.
Large volumes of cold water or refrigeration systems with closed cooling loop
circuits are required to supply coolant. Water must be at normal temperatures 
before disposal into natural water courses; therefore both systems require the 
input of cooling energy (otherwise the warm water is a potential pollutant and 
heavy discharge levys are enforced). It has been calculated that a saving of 
£ 10,000  p.a. could result for every degree Celsius increase in fermentation 
temperature for a typical antibiotic process (Stowell, 1982). These data are 
calculated solely in terms of cooling energy reductions, and do not take into 
account any increases in the rate of fermentation. Energy balances for 
fermentations with cooling requirements both for mesophilic and thermophilic 
processes have been established (Aiba etal., 1983).
1.15.2 Reaction Rate. Productivity and Broth Rheologv
According to the Arrhenius relationship, catalytic activity increases with 
temperature. Hence metabolic fluxes and growth rates also increase with 
temperature, providing the optimal growth rate of the organism is not 
exceeded.
Faster growth and flux rates would reduce the time taken for both growth and 
production stages in a fermentation. In a fed-batch process, following a 
growth stage, the conversion rate of carbon source to product would be faster 
than a comparable mesophilic fermentation. This would increase plant 
productivity as a result of faster turnaround times: more fermentations could 
be run in a particular piece of plant per annum, or more profitably, less plant 
would be required. This does not take into the account the effect of 
temperature on product stability. Inactivation kinetics for tyrosinase produced 
by a recombinant streptomycete containing piJ702 have, unsurprisingly, been 
found to follow an Arrhenius relationship (Gardner and Cadman, 1990). 
However, for any product inactivation, a shorter fermenter residence time 
would reduce the influence of inactivation. Hence, a faster inactivation rate as 
a result of operation at an elevated temperature may be equivalent, or less, in 
total quantity of inactivated product, compared to that of a mesophilic 
fermentation (which must be continued for a longer length of time).
Streptomycete production fermentations characteristically have very viscous 
broths due to high biomass concentrations and the pseudoplastic response to 
shear of filamentous organisms (Banks, 1977). In practice shear response 
varies during the fermentation, but towards the end of a fermentation large 
inputs of energy to agitation are required in order to maintain high mass 
transfer rates (Bushell, 1988). These tend to increase the broth temperature 
still further, requiring cooling energy. Viscosity is inversely related to 
temperature and for an increase in temperature from 30 to 45°C  the viscosity
of water decreases by 25% (Weast etal., 1972). The lowered viscosity of 
fermentation broths at elevated temperatures would contribute a useful 
energy saving during the later stages of a fermentation. In addition, 
downstream operations may be facilitated if the product is sufficiently stable, 
so cooling would not be required. Additionally, filtration, sedimentation and 
centrifugation would be made easier with low viscosity broths. It is also 
thought that fermentations at elevated temperature carry less risk of 
adventitious contamination compared to conventional mesophilic 
fermentations (Hartley and Payton, 1982: Sonnleitner and Fiechter,1983). 
However on production scales, stringent asepsis must be maintained at all 
times from economic and safety perspectives.
1.15.3 Disadvantages of Fermentation at Elevated Temperature - and 
Potential Methods for their Alleviation
Work at elevated temperature would require a very efficient aeration regime 
as gaseous solubility decreases with temperature. The solubility of oxygen in 
water decreases by 20%  for a temperature change from 30°C  to 45°C . 
Conventionally, oxygen limitation has been alleviated by the use of modified 
plant such as the use of modified impellers and baffles (Atkinson and 
Mavituna, 1983).
Alternatively the reduced oxygen solubility which occurs at elevated 
temperature could be alleviated by the use of emulsified oxygen-vectors (Rols 
et al., 1990). For Aerobacter aerogenes the use of n -dodecane as an 
auxiliary liquid resulted in a 3.5 fold increase in the KL_a value (the volumetric 
oxygen transfer coefficient). This increase was the result of the increase in the 
diffusion gradient for solution of gas from the oxygen-vector to the medium, in 
contrast to the very shallow gradient which exists between gaseous and 
dissolved oxygen. Hence, the efficiency of the major rate-limiting step in 
gaseous transfer was increased.
A further alternative for the alleviation of the reduced oxygen solubility which 
occurs with elevated temperature would be the heterologous expression of an 
intracellular bacterial haemoglobin. This soluble haemoglobin-like molecule 
is synthesised in Vitreoscilla, in response to hypoxic environments. It has 
been cloned and heterologously expressed in E. coli (Khosla and Bailey, 
1988b) and in S. coelicolor and S. lividans (Magnolo et al., in press). In E. 
coli, it has been shown to improve the efficiency of growth and the 
productivity of heterologously expressed proteins at low dissolved oxygen 
tensions (Khosla and Bailey, 1988a). It has been deduced that this increased 
growth efficiency is the result of an improvement in the efficiency of ATP  
formation, or energetic coupling in oxygen-limited conditions, as kinetic
processes remain unaffected (Khosla and Bailey, 1990). In Streptomyces it 
has been shown to result in increased antibiotic yields and reduction in the 
sensitivity of secondary metabolism to aeration conditions.
1.16 The Glasgow Project
The aim of this project was to assess the feasibility of producing antibiotics at 
elevated temperature in a strain and growth conditions suitable for rigorous 
physiological study. A number of strategies were available to achieve this 
aim which are described in the thesis of Czaplewski (1989). A strategy was 
chosen based on a thermophilic streptomycete strain which had the potential 
for good fermenter performance, lacking an endogenous antimicrobial 
product (selection is described in more detail in Chapter 3). Techniques to 
enable gene transfer were developed (Czaplewski, 1989).
Six criteria were to be fulfilled:
1. Strain selection (work of L. Harvey, unpublished).
2 . Development of a transformation system (Czaplewski, 1989).
3. Construction of a recombinant strain (Czaplewski, 1989).
4. Heterologous expression of the plasmid-encoded pathway at 45°C , 
purification and assay development of the product (described in this thesis)
5. Fermentation development for materials balancing (described in this thesis)
6 . Carbon balanced fermentations (described in this thesis)
Several interesting features have developed in the course of this project, 
particularly with respect to the molecular genetics of the strain. This work, by 
Czaplewski, is summarised below.
Transformation methods for S. thermonitrificans with plasmid DNA were 
developed. This allowed introduction of plasmid piJ702 into S. 
thermonitrificans at frequencies of 1x103 per pg of piJ702. A recombinant 
strain S. thermonitrificans pBROC139 was constructed. The plasmid 
pBROC139 is a plJ702-based plasmid constructed by Beecham, containing 
DNA from a total digest of S. clavuligerus, and thought to encode the 
antibiotic holomycin. A thermotolerant actinophage TA, and a host range 
mutant TAm tl were isolated and characterised. In addition, a plasmidogenic 
conjugative transposable element (STP1) was isolated and aspects of its 
molecular biology were investigated. *
1.17 The Scope of This Work
The work described in this thesis includes the fermentation development of
the wild type strain for growth in a 7 litre Bioengineering fermenter under 
defined growth conditions in minimal media (Chapter 3). Preliminary 
investigations into the physiology and growth energetics of the wild-type 
strain in flask and continuous culture under defined conditions were carried 
out (Chapter 4), together with carbon balanced and stoichiometric 
descriptions of the fermentation in defined medium (Chapter 5). This thesis 
also describes an attempt to transform S. thermonitrificans with a large 50Kb 
single copy plasmid encoding the pathway for oxytetracycline production 
(Binnie e ta l, 1989), and in-vivo manipulations in an attempt to achieve the 
same result (Chapter 6 ). Finally the purification and preliminary identification 
of the previously uncharacterised product from pBROC139 is described 
(Chapter 7).
Chapter 2
MATERIALS AND M ETHO DS
2.1 Introduction
Sections 2.3-2.10 describe the strain preservation and culture techniques 
which were used in the maintenance and growth of Streptomyces, and more 
specifically S. thermonitrificans. This section also describes the quantitative 
techniques used in study of the strain and the preparation of fermenters for 
microbial cultivation in both batch and continuous modes. Methods and 
equipment developed specifically for the requirements of the project are 
described in a subsection; Development of Methods.
Section 2.11-2.14 describe the additional features for preservation and 
cultivation of plasmid-containing Streptomyces strains, the methods of 
preparation and transformation of protoplasts for S. thermonitrificans and the 
methods of plasmid DNA preparation, restriction and visualisation by agarose 
gel electrophoresis. In addition the bioassay for oxytetracycline is described.
Section 2.15-2.21 describes the materials and methods used in the purification 
and identification of the antimicrobial product expressed by S. thermonitrificans 
pB R O C 139.
2 .2  Chemicals and Consumables
G eneral and AnalaR Chemicals
and AnalaR and HPLC grade solvents
TLC  Media
Growth M edia
G eneral Biochemicals
Agarose
Antibiotics
Junlon
Antifoams
Assay Kits;
Glucose Perid
Phosphorous
Am m onia
Filter and glass fibre papers 
Calibrating gases
Source
B D H ,, Koch-Light Laboratories, May 
and Baker, Formachem.
BDH
Difco, Oxoid.
Sigma, Pharmacia, BRL.
BRL
Sigma, Squibb and Sons, Pfizer 
Honeywill and Stein 
BDH, Sigma
BDH
Sigma
Sigma
Whatman
British Oxygen Company, Special Gas 
Division.
2.3  Strains
Strain_____________________________
S. thermonitrificans 
S. thermonitrificans pBROC139  
S. thermonitrificans plJ702 
S. thermonitrificans plJ916 
S. albus [G 153 ( r  m+)]
S. albus  pB ROC 139 
S. albus piJ702 
S. albus plJ916  
S. albus  pFZ163  
S. lividans pBRO C139  
S. lividans piJ702
S  lividans TK54 his-2, leu-2, spc-1 
S. lividans TK 64 pro-2, str-6 
S. albus pFZ163  
S. lividans TK64 pFZ163 
S. lividans TK 54 plJ940  
S. lividans TK 64 piJ940  
S. lividans TK 64 pG LW 101
Reference
Desai and Dhala, 1967  
Czaplewski, 1989  
Czaplewski, 1989  
Czaplewski, 1989  
Hunter, personal communication 
Czaplewski, 1989  
Czaplewski, 1989  
Czaplewski, 1989  
Binnie eta l., 1989
M. Burnham, personal communication
Czaplewski, 1989
Hopwood et al., 1985
Hopwood et al., 1985
Binnie eta l., 1989
Section 6.1.3, this work
I.Hunter, personal communication
Section 6.1.5, this work
I.Hunter (personal communication)
All plasmids contained the tsr gene from S. azureus and their prescence was 
maintained by selection for thiostrepton resistance.
2 .4  Growth Media
Trvpticase Sov Broth (TSB): 15 g BBL trypticase soya broth powder per litre. 
Mannitol-Sova Agar: 20g Mannitol, 20g soybean flour, 16g agar, 1 litre tap 
water.
Emersons ag ar: Emersons agar was purchased as a powder from Difco and 
was used as directed by the manufacturers.
LM M  (Sem i-defined): NH 4NO3 2.0g, MgSC>4 6 H20 .0 .9 g, tap water 900 ml, pH 
adjusted to 7.0 prior to sterilization. Glucose 15 g and K2 H PO 4 0.99g, KH2 PO 4 
0.59g were sterilized separately in a volume of 100ml, following pH adjustment 
to 7 .0, at 1 1 2 °C  for 10  minutes and added aseptically to the remainder of the 
medium, to a final volume of 1 litre. In media for flask cultivation, 20g TES  
buffer pH7 (Sigma).
LM M  fFullv-definedl: N H 4NO 3 2 .0 g, M g S 0 4 6 H20 0.9g, KCI 0.50g, 
Z n S 0 4 .7H 20  0.20g, NH 4Fe(SO 4)2-1 2 H20 0.1 Og, M n S 0 4 .4H 20  0.05g, 
CUSO 4 .5 H2O 0.005g,Na2MoC>4.2H20 0.005g, C 0 CI2 .6 H2O, 1 litre distilled 
water, pH was adjusted to pH7 prior to sterilization. In media for flask
cultivation, 20g TES buffer pH7 (Sigma).
Glucose and phosphate were sterilized separately and added aseptically as 
described for semi-defined LMM.
Evans Minimal Medium (Evans, 1970) NH4CI 5 .3 4 g, KCI 0.75g,
N a2S O 4 .1 0 H2O 0.64g, Citric acid 0.42g, MgCl2 0 .12 g, C aC l2 0 .0 0 2 g, N a2M o0 4  
0.0002g , trace metal solution (described below), 5ml, 1 litre, distilled water. In 
m edia for flask cultivation, 20g TES buffer pH7 (Sigma).
S. thermonitrificans Minimal Medium (579 M ML NH 4CI 2.67g, KCI 0.75g, 
N a2S O 4 .1 0 H2O 0.64g, Citric acid 0.42g, MgCl2 0 .12 g, CaCl2 0 .0 0 2 g, trace 
metal solution (described below) 5ml, 1 litre distilled water. In media for flask 
cultivation, 20g TES buffer pH7 (Sigma).
Trace metal solution; Concentrated HCI 1 0 ml, ZnO 0.4g, FeCl3 .6 H2 0  5.4g, 
M nC I2 .4H 20  2 g, CuCI2 .2H 20  0 .17g, CoCI2.2 H 2 0  0.47g, H3BO4 0.06g, 1 litre 
distilled water.
Pre-aermination Medium (Hopwood e ta l. 1985): (double strength) 10g Difco 
yeast extract, 10g Difco casamino acids, 0.01 M CaCl2 (autoclaved separately), 
m ade up to 1 litre with distilled water. 1x pre-germination medium was made by 
the mixing of equal parts of the above and TES buffer (0.05M , pH8 )
2 .5  Sterilisation
All glassware, solid media and liquid growth media for flask cultivation were 
sterilised by autoclaving at 121 °C  for 15 minutes; glucose and phosphate were 
sterilized at 5 p.s.i. for 10 mins. Antibiotics were sterilized by filtration through 
0.22pm  filters (Millipore). The LH fermenter was sterilised for 30minutes at 
121 °C  for 30 minutes, 20  litre medium pots at 121 °C  for 1 hour, and the 9 litre 
Bioengineering fermenter was sterilised in situ, according to the manual 
accompanying the fermenter.
2 .6  S. thermonitrificans Strain Preservation
2.6.1 Preparation of spore suspensions of Streptomyces ; A concentrated 
spore suspension was required for inoculating liquid cultures of Streptomyces 
spp. The protocol described by Hopwood et al., (1985) was followed with 
minor modifications.
A boiling tube containing a slant of Emersons agar (produced by pouring 15ml 
of molten agar into the tube and allowing it to solidify with the tube placed 5 °  to 
the horizontal) was inoculated with 107 spores of S. thermonitrificans and 
incubated at 37 °C . After four days incubation, the culture was covered in a 
dark grey mass of spores. The slant was frozen at -2 0 °C . Spores could then 
be harvested immediately or stored indefinitely.
Spores were harvested by rubbing the agar surface with a 10 ml pipette 32
containing 5 ml of sterile water. When the surface of the slant was scraped 
clean of spores the 5 ml of water was used to wash the slant and resuspend 
the spores. The spore suspension thus produced was dark grey in colour and 
contained little agar or mycelial fragments. The spore suspension was filtered 
through a cotton wool filter as described in Hopwood et al., (1985). The filtered 
spore suspension was aliquoted and frozen at -20°C ; the aliquots were 
thawed and mixed on a vortex mixer prior to use. The titre of the spore 
suspension was determined after storage at -2 0 °C  overnight and was found to 
be constant for at least six months (Czaplewski, 1989).
2 .6 .2  Preparation of Master Cultures A spore sample from the original slope of
S. thermonitrificans from the Williams Streptomyces culture collection 
(IS P 5579) was streaked on Emerson agar to form single colonies. Following 
growth at 37°C  for 7 days, a type-typical colony was selected and inoculated 
onto a 5ml agar slope. This was incubated and the spores allowed to 
germinate, grow and sporulate (slope A). Five 5ml slopes were inoculated with 
the spores from slope A and allowed to grow and sporulate (slopes B). These  
5 replicate mini-slopes were stored at -20°C , as master cultures (B) together 
with the original slope (A) from the original single colony isolate. Slant slopes 
(15 ml) were prepared from the master cultures (B) when required (around 20 
slopes were prepared per master culture). Master cultures were prepared 
w henever required from slope A. Hence spores for flask cultivation or 
pregermination were not more than 2 slope cultivations from the original single 
colony isolate slope (A).
In general, mini slopes were used for long term spore storage and 10 ml slopes 
for medium term storage. For short term storage, spores were harvested from 
slopes and stored in water.
2 .7  Cultivation
2.7.1 Shake Flask Culture ;Liquid cultures of S. thermonitrificans were
prepared by inoculation of liquid media with a known concentration of spores
(or mycelium) and grown at a specified temperature for a specific length of
time. For all studies at 4 5 °C, the shaking incubator used was constant, set at
225  rpm with a base plate throw of 5 cm. For studies at 37QC, a shaker set at
200 rpm was used. For all experiments in liquid culture, temperature
was maintained at 45°C unless otherwise stated.
2 .7 .2  Solid Substrate Cultivation All routine solid substrate cultivation was 
carried out at 37°C  unless otherwise stated.
2 .7 .3  Spore Pre-germination ; The method described by Hopwood e ta l, (1985) 33  
w as used to pre-germinate spores of S. thermonitrificans (described in Section 
3.7). This method was generally carried out in replicates of 4 , preparing spores 
from 40 agar slopes and subdividing these. Around 10 10 spores, collected
from 10 slopes of Emerson agar were suspended in 1 0 ml of TE S  buffer, and 
heat shocked for 10 minutes at 5 0°C . They were then cooled under a cold 
w ater tap. An equal volume of double strength pre-germination medium was 
added and the suspension was incubated for 3 hours at 3 0 °C  with orbital 
shaking at 250 rpm. The pre-germinated spores were recovered by 
centrifugation (12 0 0 0 g for 10  min) and resuspended in 2 m! of sterile water.
Spores were then stored for up to six months at -2 0 °C.
2 .7 .4  Homogenisation of mycelium Two forms of homogenisation were used.
The first involved the use of a hand homogeniser, commonly used for 
macerating plant or animal tissue. It may be described as a thick-walled test 
tube with a rough inner surface into which an oval-shaped roughened bulb fits 
snugly. Homogenisation of tissue occurs due to pressure shock as the bulb is 
passed through the liquid over the rough surface of the bulb and inner surface 
of the test tube. The advantage to the use of this equipment over a pestle and 
mortar is that the enclosed nature of the tube enables asepsis to be maintained 
without too much difficulty. The apparatus is sterilized by soaking in ethanol for 
several hours followed by rinsing with sterile distilled water in a sterile air flow 
and air drying in the same sterile air flow. Mycelium fragmented by this 
technique was used immediately.
A second form of homogenisation, described in Chapter 3, entailed using 1 g of 
glass beads for every 1 0 0 ml of medium, and resuspending mycelium in 10th of 
the original volume. The mycelial paste and glass beads were mixed on a 
vortex mixer for 1 minute sessions (cooling on ice between sessions) for a total 
of 20 minutes, in a sealed plastic tube. This method was found experimentally 
to give an optimum degree of fragmentation for mycelium grown on 579  
minimal medium and destined for subsequent use as mycelial inoculum. 
Fragm ented mycelium was stored for short term use (within one month) in 
w ater at -70°C .
2 .7 .5  Determination of Spore Concentration A suitable dilution of a spore 
suspension in distilled water was pipetted into a petri dish (.10 pi per plate).
Molten Emersons agar at a temperature of 55°C  was then poured into the dish, 
mixed by swirling and allowed to set. Plates were incubated at 42°C  for 24  
hours. The spore concentration was determined by counting the number of 
streptomycete colonies in 10pl of the spore suspension, then multiplying this by 
the dilution value, to give a number for the spore concentration per ml water.
It was not necessary to heat the filter papers for a second period of time, as a 
reasonably constant dry weight was attained with a single heating step.
2.7.6 Determination of The Num ber of Colony Forming Units This assay was 
carried out as for the determination of spore concentration, with the exception 
that serial dilutions were prepared using micropipette tips cut with a  heated 
spatula to provide a broad tip. The streptomycete colonies formed after 24  
hours of growth at 4 5 °C  were used to give a value for the number of colony- 
forming units per ml of the original broth sample.
2.8 Assay Techniques
2.8.1 Drv W eight As a  result of the mycelial (and often pelletted) growth of S. 
thermonitrificans, accurate estimation of growth by assay of optical density was 
not feasible. Dry weights were determined according to the method described 
by L Harvey (personal communication). Whatman Number 1 filter paper discs 
(4.25cm) or glass fibre discs (G F/C ) were numbered in pencil and dried for 10 
minutes in a 600W  microwave oven set on defrost. The papers were allowed 
to cool in a dessicator in the prescence of silica gel, then rapidly weighed, and 
the mass recorded to 3 decimal places on an accurate microbalance. The 
appropriate filter was then placed on a sintered glass filtration unit (50mm  
diameter, W hatm an), 10ml samples of broth pipetted onto the tared filter and 
filtered through the unit under vacuum, followed by two washes with distilled 
water. The filter was then dried in the microwave oven as previously 
described, allowed to cool and weighed. The differential mass of original and 
final filter papers multiplied by 100  provided the value for dry weight 
concentration in g .M  (10ml samples were used). Sampling was carried out in 
triplicate (or greater) and the mean value determined.
2.8.2 Determination of Glucose Concentration A glucose assay kit (GOD- 
Perid) was used, based on the technique of W erner (W erner et a i,  1970). The 
assay is dependent on the following reactions;
Glucose + O2 + H2O gluconate +
(in the presence of glucose oxidase)
H2O2 + A B TS (pale yellow) coloured complex (green) + H2O 
(in the presence of peroxidase)
The assay is extremely sensitive, and was found to be difficult to use with high 
concentrations of glucose (15 g.M  or greater), owing to the use of large 
dilutions which introduced systematic errors into the data. At glucose 
concentrations of around 15 g .M , dilutions were determined gravimetrically to 4 
decimal places using a  Sartorius microbalance accurate to 4 decimal places. 
Culture broth samples were stored frozen and, following a defrost stage,
mycelium was pelletted by centrifugation at 1 2 ,0 0 0 g for 5 minutes and the 3 5  
supernatant used for analysis. All samples and reagents were equilibrated at 
room tem perature for at least 30 minutes before use. Dilutions were used to 
bring the glucose concentration to a level at which the final spectrophotometric 
reading was less than 0.3 absorbance units (a 1 in 500 to a 1 in 100 dilution) by 
the use of a combination of gravimetric techniques and positive displacement 
micropipettes (Finnpipettes). Diluted samples and reagent were then added to 
disposable 1cm path-length cuvettes using micropipettes (Gilson, Pipetteman). 
These were incubated at room temperature for 45 minutes, after which no 
increase in absorbance occurred, and the reaction was complete (determined 
experimentally). The coloured complex was stable for a maximum of 1-2 
hours. The optical density of the mixture was measured at 610nm and glucose 
concentration determined according to a standard curve (absorbance is 
proportional to glucose concentration over the range 0-30pg).
2.8.3 Determination of Ammonium Ion Concentration (Fawcett and Scott,
1960: Chaney and Marback, 1962). A Sigma urea nitrogen assay kit was used 
in which ammonium concentration can be estimated based on the indophenol 
blue method, following the procedure described by the manufacturer. The 
method relies on the reaction between alkaline hypochlorite and phenol to form 
indophenol in the prescence of nitroprusside as catalyst. The order of addition 
of reactants to the assay mix must be strictly according to that described by 
Sigma, in order to maintain the action of the catalyst. The mix was then 
incubated at room tem perature for 40 minutes. Indophenol blue was measured 
at 510 nm and was proportional to ammonium concentration over the range 0-
3.6 pg. Actual values for ammonium concentration were determined by 
calibration against a standard curve which was checked for each set of assays.
The spectrophotometric reading was taken within 20  minutes following the 
termination of incubation, as the coloured complex formed was unstable after 
this time. Dilutions for this assay were the same as those for assay of glucose 
(dilutions of 1 in 5 to 1 in 20).
2.8.4 Determination of Phosphorous Concentration (Fiske and 
Subbarow,1925) The assay depends on a complex reaction between 
phosphomolybdate, bisulphite, sulphite and 1-amino-2 -naphthol-sulphonic acid 
to give a blue complex. Absorbance was monitored at 660nm. The colour 
developed in 10 minutes and was stable for only 10 minutes. Absorbance was 
proportional to phosphorous concentration over the range 0 *0 .2 mg and was 
determined by reference to a standard curve which was checked for each set 
of assays. Dilutions for this assay were the same as for the glucose assay (a 
zero to 1 in 10  dilution).
2.8.5 Determination of Total Organic Carbon Concentration A Shim adzu 36  
TO C 50 instrument was used according to the manufacturers instructions. A
test sample size of 1 0 pl was used in replicates of 5 , with correction for the 
inorganic carbon present in each sample whenever necessary.
2 .8.6  Elemental Analysis of Mycelium Biomass in mid exponential phase was 
prepared by inoculating 3 x 200ml TSB with a concentration of 106 spores.mH  
medium and grown at 45°C  for 24 hours. Each flask was harvested separately. 
Biomass was extensively washed and the cell paste subdivided to give a total 
of 6 samples for freeze drying. Following freeze drying the samples were 
further subdivided to give a total of 12 samples, 4 replicates in triplicate. The 
mycelium was then analysed by the Microanalysis Section, Department of 
Chemistry, University of Glasgow (Carlo-Erba Elemental Analyser Model
1106), by total combustion in the presence of catalysts followed by 
chromatographic separation of the gaseous products and analysis by 
conductivity.
2.9 Photomicrography: A Leitz Orthoplan universal large-field microscope was 
used together with a PHACO  x25 objective for phase contrast microscopy to 
final magnifications of 250 and 312x, and a Vario-Orthomat camera. Fresh 
specimens were prepared immediately prior to use. Premium quality 
microscope slides and cover-slips of grade 1 standard, were used together 
with Fuji Velvia positive film (ASA 50). Film was used rapidly, stored at 4°C  
until developed by to the E21 developing process.
2.10 Fermenters
Bioengineering Type L1523 LH_ Type CC 1500 
2.10.1. Associated Services:
Bioengineering ferm enter (9 litre volume): steam at a pressure of 40 p.s.i. and 
mains cold w ater were used for temperature control of the in-situ sterilizable 
Bioengineering fermenter. Air supply to the 9 litre Bioengineering fermenter 
was by m eans of a separate heavy duty compressor. Routine air flow was 
calibrated using a rotameter (10 litre per minute maximum flow rate). Accurate 
air flow rate m easurem ent and control was carried out using a mass flow 
controller.
LH fermenters (2.5  litre volum e): the LH fermenters required a supply of mains 
cold water for the condenser and a single 13 amp socket. The fermenter was 
not issued with a condenser and it was necessary to improvise (described in
section 2 .10 .4). Air supply for the LH fermenters was by means of an internal 37  
compressor (3 litre per minute maximum flow rate); air flow rate was monitored 
by a rotam eter on the front of the control housing.
2 .10.2  Ferm enter Configurations
B
II
□Hzj-n
C H zb -n
H
▼ T
Figure 2.1 Diagrammatic 
representation of Bioengineering 
7 litre working volume, 
in-situ sterilizable fermenter.
Figure 2.2 Diagrammatic 
representation of LH 2.5 litre 
working volume fermenter
Key
H = height of ferm enter = 51.7  cm 
D = diam eter of ferm enter = 15.5 cm 
d = impeller diam eter = 8.4 cm 
A = height to first impeller = 8.4 cm 
B = height to second impeller = 16.8 cm 
C = height from second impeller = 26.5 cm 
w = baffle width = 1.0  cm
H = 20.0 cm
D = 1 5 . 0  cm
d = 7.0 cm
A = 5.0 cm
h = height of baffles = 15.0 cm
*
2.10.3 Specification and Methods used with the Bioengineering Fermenter 
2.10 .3a  Sampling The fermenter was equipped with a steam-sterilizable
delivery valve at the base of the fermenter. This was used for sampling, 38
steaming for 15 minutes prior to sampling, allowing the line to cool, and re­
steaming the line for at least 15 minutes following sampling. Samples were 
taken ideally at six hourly intervals, with shorter intervals around turning points; 
sample volumes were less than 1%  of the initial volume.
2 .10.3 b Agitation; The motor for driving the double turbine impeller shaft was 
situated in the base housing of the fermenter, external to the sterilizable vessel 
with a complex mechanical seal to maintain sterility.
2 .10.3c Tem perature A platinum resistance thermometer submerged in 
medium was used to monitor temperature. This probe was accurate to within 
1°C (checked experimentally) at 45°C . The temperature control circuit in 
general maintained temperature constant to within 0.3°C , providing steam and 
cooling w ater were available at the required pressures.
2.10.3d pH control An Ingold steam-sterilizable pH probe with a housing which 
could be pressurised, was fitted to the fermenter. The probe was calibrated 
immediately prior to sterilization, against buffers at pH7.0 and 9 .2 , and 
following sterilisation, by sampling the fermenter and comparing the medium 
pH given by the Bioengineering monitor, with the medium pH given by an off­
line pH m eter (calibrated with buffers at pH7 and pH9.2). During sterilisation, 
the probe was pressurised at 1 bar above the fermenter pressure. This 
prevented movement of medium components across the permeable glass 
membrane into the internal electrolyte, and prevented fracture of the glass 
membrane.
Calibration was carried out as follows: the pH probe was submerged in buffer 
at pH7.0, and the pH set to 7.0. The probe was washed, wiped dry and 
submerged in buffer at pH9.2 The slope of the potentiometric control module 
was then adjusted until the value given was that of pH9.2. The pH reading in 
buffer of pH7 was then re-checked. When not in use, probes were stored 
upright in 3M  KCI solution. Control of pH was effected using an internal 
feedback circuit (proportional-integral-differential response), with sensitivity 
controls set to to less than 0.3  pH unit, and pump Ton and T0ff settings to a 
suitable value (dependant on the fermentation). A single W  atson Marlow  
constant speed peristaltic pump was linked to the control unit and used to 
pump alkali (1 M N aO H ) into the fermenter.
2 .10.3e Dissolved oxvqen concentration: An Ingold steam-sterilizable 
polarographic electrode was used. It required a polarising voltage to be 
applied at all times during the life of the electrode membrane. The electrode 
was stored in w ater beneath the fermenter when not in use with a power supply 
at all times.
Calibration of dissolved oxygen concentration was carried out following 39
sterilization. The probe was zeroed electrically, by turning the scale switch to 
the zero position. This electrical zero had been checked off-line by passing 
oxygen-free nitrogen over the tip of the probe for a few minutes; the zero 
reading was found to be true. The maximum point was set after the fermenter 
was equilibrated for at least 10 minutes (at the required temperature and air 
flow rate). The scale setting was then adjusted to a suitable setting for 
calibration to 100%  and minor adjustments made to bring the displayed 
concentration to this value.
2 .10.4  Specification and Methods used with the LH Fermenters
2 .10 .4a  Agitation; This was achieved by means of an external motor, driving 
the turbine within the fermenter electromagnetically. In the newer of the LH 
fermenters, specific fermenter bearings situated under the turbine housing, 
must be used, greased with heat-stable high-viscosity lubricant. Lack of 
attention to these bearings can cause either seizure of the agitation system, or 
rusting, which disturbs the fermentation and interferes with microbial growth.
The older version of the same fermenter does not require these bearings, and 
as a result is simpler to use.
2 .10.4b Tem perature control: Heating was carried out by a conventional rod 
heating elem ent inserted through the top plate, as described previously. 
Tem perature control was carried out using an immersed thermometer and a 
feedback control circuit. Cooling was not required due to the elevated 
cultivation tem perature of 45°C.
2 .10.4c Air supply This has been discussed in the section on services.
However a ferm enter modification was necessary to use the fermenter as a 
chemostat for operation at 45°C , owing to the lack of a condenser on the exit 
air line. Fragile glass condensers were unsuitable; instead a condenser from a 
9 litre Chem ap vessel was used. This was attached to the 2.5 litre LH 
fermenter using silicone tubing, improvising an extended U tube to minimise 
the chance of ferm enter contamination. Originally the effluent from this U tube 
was passed through a drechsel bottle containing the antimicrobial detergent, 
Hibitane. However excessive foaming occurred and it was found that it was 
more suitable to maintain the exit free of restrictions. The U tube was 
terminated by a  short stretch of silicone tubing which could be clipped off to 
restrict the exit air flow in order to increase the pressure inside the vessel for 
sampling. *
2 .10.4d p H Monitoring and Control Ingold pH probes were used for pH 
monitoring and control, and LH peristaltic pumps for addition of alkali.
Calibration of the pH probe was carried out in accordance with the method 
described for the Bioengineering fermenter 2.10.3. The use of 1M NaOH for pH
control was adequate. If acid was required for pH adjustment, this could be 40  
added manually through the inoculation port.
2 .10 .4e  Inoculation Inoculation and addition of phosphate and glucose 
following sterilisation were achieved through an inoculation port in the top plate.
A blind silicone plug 4.0cm diameter x 2cm depth, was drilled with 12 mm 
diameter hole into which a silicone suba-seal of the same diameter was 
inserted. The suba seal was replaced for each experiment. Inoculation was 
achieved using a sterile hypodermic syringe through the suba seal using 
absolute ethanol to ensure maintenance of sterility within the fermenter.
2 .10.4f Sampling This was carried out using a sampling hood. A clip isolating 
the sampling hood from the fermenter was released and air passed down the 
tube through the air filter in the hood to clear the sampling tube of any resident 
mycelium Air flow from the fermenter was then restricted causing a pressure 
build up in the ferm enter and consequent emission of vessel contents into the 
sampling vial via the connecting tube. Release of the restriction in the exit air 
line term inated the flow of broth into the sampling vial. The hood-fermenter line 
was then cleared as previously described and clipped off. The filled vial was 
removed by unscrewing from the hood and replaced with a fresh vial using a 
combination of ethanol and flame asepsis.
2 .10.5  Modifications and Techniques used in the Establishment of Continuous 
Culture for S. thermonitrificans
Cultivation of the a batch fermentation for 24 hours was allowed prior to the 
initiation of continuous culture. The arrangement of equipment is represented 
diagrammatically in Figure 2.3.
A W  atson Marlow variable-speed peristaltic pump (501 series) was used for 
medium influx (with fresh tubing of either 1.6 mm or 3.2 mm internal diameter 
and 1.6mm wall diam eter in each case). The pump was pre-calibrated with 
tubing in these sizes in order to estimate flow rates during operation. Effluent 
pumps w ere set to a value greater than two times the inlet rate and constant 
volume maintained by a weir device. Accurate flow was determined by 
measurem ent of the rate of effluent flow from the fermenter. Providing that the 
tubing passing through the inlet pump was not deformed the flow was stable. 
However minor adjustments due to the decrease in hydrostatic pressure in the 
medium vessel were required on average every 48-72 hours.
Small sample volumes (10-15ml) were taken to minimise the disruption from 
steady state, and at least 5 generations were allowed to elapse at each dilution
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Figure 2.3 D ia g ra m m a tic  R ep resen ta tio n  of the  
A rra n g e m e n t fo r th e  C h e m o s ta t
k e y  -►  Flow of
air
 >■ Flow of
medium
A Inlet air filter to reservoir medium pot
B Reservoir medium pot
C Sampling device
D Inlet air filter to chemostat
E Constant volume chemostat (1.60 litres)
F Effluent reservoir
G Infra-red carbon dioxide analyser
P1 Inlet pump - rate of flow throgh this pump 
determines the flow rate of medium to the 
fermenter (F /1 .60 = D) j
P2 Effluent pump - rate is set to a value twice that 
of P1
A correction value for the dissolved carbon dioxide concentration was n°f 
incorporated into the expression. However, given the rapid gas flow rates, 
and the negligible inorganic carbon concentration determined by analysis, 
then the errors introduced by this omission would be expected to be very 
small and within experimental errors.
rate. Assuming perfect mixing and a homogeneous culture, in one dilution 42
approximately 50 %  of mycelia will be that from the previous steady state.
Following a further dilution 25%  of the population will be mycelia from the 
previous steady state. However, following 5 dilutions, then less than 4% of the 
cell population will be remaining from the preceding steady state (this error 
was below the sensitivity of biomass assays). The on-line performance of the 
chemostat was monitored using an infra-red carbon dioxide analyser. The 
analyser was used as an on-line indicator of the condition of the chemostat.
Within two dilutions following a change in dilution rate, the output of carbon 
dioxide was observed to be stable, and was indicative of potential steady-state 
conditions. A steady value for carbon dioxide output is a sensitive confirmation 
of the achievement of steady state in a chemostat culture (Sinclair, 1987).
Following the harvest of mycelium at steady state (after 5 dilutions), 20ml of a 
glucose solution (200g.l -1 ) was added to the ferm enter. The increase in CO2 
output observed indicated that glucose was a limiting nutrient. In addition, the 
dilution rate was altered, and if necessary, the medium pots were changed over 
at this stage.
2.10.6 On-line Analysis of Carbon Dioxide
2.10.6 a Infra-red detection and analysis Organic and inorganic molecules 
generally absorb energy in the infra-red region of the electromagnetic spectrum 
due to vibrational stretching and bending of bonds. These absorptions have 
characteristic wavelengths and can be used to identify a specific molecule. In 
the ADC carbon dioxide analyser (Type 877) a split beam detection system for 
carbon dioxide was used, relying on a continuous passage of air through the 
machine, over a column of soda lime to remove C O 2 , for base-line comparison.
A constant gas flow through the test cell was maintained for all analyses. The 
output (% C 02 ) may be converted into units of millimoles of carbon dioxide 
using the following equation derived by Hamilton (1976) based on the Ideal 
Gas Laws;
CO2 production = b - F .298. 1Q£. 79.04 where b = corrected reading on 
(100-b ).273 . 22 .4  C O 2 analyser in %
F = air flow rate through fermenter 
in litres, min*1
= mmol C Q 2. culture volume^ -.minute^- , (a* r-t-P)
pH was
maintained at pH 7 .0  throughout the fermentations . Cumulative CO2 values 
were obtained by plotting the corrected on-line data graphically, enlarging the 
Qraph to 4 times its original size and determining the area beneath the curve
Cdlfbration of the mass flow controller (at the prem ises of B roofe Instruments) 
Was carried out at 23 .5  °C  and 1018 bar atm ospheric pressure. A correction 
factor should therefore have been applied to correct flow  to r.t.p. However, the 
difference betw een recorded and corrected flow would have been minor, and 
within the limits of experimental error.
and segments of the curve, by mass and by counting squares. The area and 
mass of a square of originally 5 cm by 5 cm was used to calibrate the values 
obtained, by determining the amount of C0 2 that this area represented 
according to the above equation. The area and mass values for the 
experimental curve for C O 2 production were then converted into units of CO2 
in millimoles. The mean values for determination by mass and by area were 
used in subsequent calculations.
9 m  fi b Precautions Required for Accurate Cumulative Determination nf P.Oo 
To quantitate accurately the amount of gaseous carbon released during a 
fermentation, a number of features of gas analysis must be addressed. Firstly 
gas flow must be determ ined accurately and secondly, the sensitivity of the 
detector must be suitable for the fermentation under analysis. A Brooks Mass 
Flow controller was used (Models 5850 and 5878) to monitor and control air 
flow into the ferm enter, with a maximum flow rate of 15 litres min-1. The 
controller was calibrated prior to delivery, and checked prior to use for the 
mass balanced fermentations described in Chapter 5 at the premises of 
Brookes Instruments, Stockport. The controller was accurate to within 1% at 
the flow rates used experimentally.
According to the therm odynam ic properties of gases, there is a relationship 
between mass flow and the heat capacity of a gas. The mass flow controller 
essentially consists of two temperature sensors, one situated downstream of 
the other, and a heating element. The gas passing through the controller is 
heated, and the tem perature difference between the 2 sensors (downstream of 
the heating elem ent) is proportional to the actual mass flow rate of the gas.
The controller also generates a proportional -integral-differential response 
(PID), controlling a valve downstream of the sensor to alter mass flow to the 
required level. Using this controller, gas flow to the fermenter was maintained 
at one volume of air per volume of medium per minute.
A second problem for analysis of C O 2 is the sensitivity of the machine. The 
ADC analyser was equipped to monitor at a maximum limit of 1% or 5%  CO2 in 
the effluent stream. Given the normal values for CO 2 output during a 
fermentation of S. thermonitrificans (up to 0.4%  on the 1% channel), the 1%  
channel was adequate for use. A suitable calibration gas was required and a 
choice was made of a mixture of 0 .8%  C O 2 in oxygen-free .nitrogen. This gas 
was mixed and supplied to order by the British Oxygen Company, with a 
certified concentration given to 2 decimal places and accurate to within 1%. 
Oxygen-free nitrogen was used to zero the analyser. The CO 2 concentration of 
sir passing through the ferm enter prior to inoculation was checked for each 
fermentation. The basal level of 0 .04%  C O 2 remained constant for all
analyses, and this value was used to determine the corrected CO 2 values, ie 4 4  
the actual %  C O 2 value produced by growth of S. thermonitrificans, by 
subtraction from values obtained experimentally. During a fermentation the 
zero and span calibrations for the analyser were checked every 24 hours.
The composition of the effluent gas was maintained constant by the use of gas- 
impermeable tubing. The analyser was sited adjacent to the fermenter. This 
reduced length of connecting tubing between fermenter and analyser and 
minimised dead space and potential sites for loss of CO 2 . The accurate 
response of the analyser to C O 2 concentrations at a range of CO 2 
concentrations could not be checked, owing to the lack of equipment for 
mixing gases to a flow rate of 1 litre/minute. However the manufacturers 
reported the response to be linear (ADC manual).
2.11 Growth M edia for In vitro and In vivo Gene-transfer Manipulations in 
Streotomvces;
R2 Medium (for the cultivation and regeneration of protoplasts of SJividans):
R2A- 44g agar, 0.5g K2 S O 4 , 2 0 .2g MgCl2 -6 H2 0 , 5.9g CaCl2 -2 H2 0 , 20g
glucose, 6 g proline, 0.2g casamino acids, 4ml trace elements solution 
(Hopwood et al., 1985), made up to 1 litre in distilled water.
R 2B -11 .5g M O P S , 10g yeast extract, 203g sucrose, adjusted to pH 7.4 with 
NaOH, made up to 1 litre in distilled water.
Equal volumes of R2A (melted and cooled to 5 5 °C ) and R2 B plus 1ml of 1%
(w/v) KH2 PO 4  were combined prior to use.
Antibiotic Medium 2  (QxoidT used for the bioassay of oxytetracycline. This 
medium is low in transition metal ions which can chelate with oxytetracycline 
and remove biological activity. The medium is supplied as a powder and 
reconstituted according to the manufacturers instructions.
B579: Made up in two parts, A and B, for the regeneration of protoplasts of S. 
thermonitrificans. R 579/A ;0.5g K2SO 4 , 6.0g proline, 0 .2 g casamino acids 
(Difco), 4.0ml trace elem ents (described in Hopwood et al., 1985), 2 0 .Og 
glucose, 5.0g NaCI, 4 0 .Og Difco-bacto agar made up to a volume of 900ml and 
dispensed into 90m l aliquots.
R579/B; 11.5g T E S  buffer (Sigma) pH7.2 with NaOH, 45.5g Mannitol, 2.0g 
yeast extract (Difco), 8.0g beef extract (Difco), 8.0g peptone (Difco), made up 
to a total volume of 900 ml and dispensed in 90ml aliquots for sterilization. Part 
A was melted and part B heated to 5 5 °C , the two components were mixed and 
1ml of 1%  KH2PO 4 , 3 .7 5 ml of 0 .8 M MgCfe, 6.25ml of 3.2M CaCfe and 1 0 ml of 
water were added. The agar was poured and dried according to the technique 
described in the section on preparation of protoplasts (Section 2.14).
2.11.1 Solutions for Plasmid Transformation of S. th e r m n n i f r i f i r c n c 45
Transformation mix (T-mix): 12.5g sucrose, 7.35g CaCI2 .2 H2 0 , 0 .218g K2 S 0 4 , 
1 ml trace elem ents, 2.9g maleic acid, adjust to pH 8.0 with 1M Tris, 500ml 
distilled water. Add 25%  (w/v) PEG 1000 before use.
Medium P : 5.73g TE S , 103g sucrose, 2.93g MgCI2 .7H2 0 ,  0.5g K2 S 0 4 , 3.68g 
CaCI2 .2H 2 0 ,  2ml trace elem ent solution. Adjust to pH 7.4 with NaOH and 
make up to 1 litre in distilled water.
PFG Solution: 20%  (w/v) PEG 8000. 2.5M  NaCI.
2.11.2 Solutions for the Manipulation and Visualisation of Plasmid DNA
10X T B E  Buffer pH 8.3: 109g Tris, 55g boric acid, 9.3g Na2EDTA.2H20  made 
up to 1 litre in distilled water, pH to 8.3.
Agarose gel loading buffer: 0 .025%  (w/v) bromophenol blue, 0 .025%  (w/v) 
xylene cyanol, 25%  (w/v) ficoil, 0 .5%  (w/v) SDS, 50m M EDTA.
1Qx React 3 buffer: 50m M  Tris-HCL pH8.0, 10mM MgCI2, 100mM NaCI.
TE Buffer: 1 0 mM Tris-HCI, 1mM EDTA, pH 8.0.
Lvsozvrne solution: 5 0  mg/ml lysozyme in 0.01 M Tris pH8 .
Sucrose (34%  w /vl in TE  ( 1 0 mM Tris-HCI, 1mM EDTA, pH 8.0)
Ethidium bromide 15 mg.ml’ 1 
Saturated caesium chloride in TE buffer.
2 .11.3 Antibiotics for Plasmid Selection: The antibiotic concentrations used 
throughout for both liquid and plate selection were as follows:
Name Selective Storage Storage
 ________________Concentration Concentration___________Temperature
Thiostrepton 25 pg.m h1 1 0 mg.ml’ 1 (DM SO) 4 °C
Spectinomycin 100 40m g.m l'1 4 °C
Streptomycin 25 pg.m l’ 1 2 0 mg.ml’ 1 -20°C
Tetracycline 25 pg.m l’ 1 4 mg.ml’ 1 (in 2 M HCI) -2 0 °C
Hygromycin 2 0 0  ng.m l’ 1 50m g.m l’ 1 40C
Stock solutions were added to molten agar, pre-cooled to 55°C .
2-11.4 Preparation of Plasmid DNA: the neutral lysis materials and method 
described by Hopwood e ta l, (1985) were used, with modifications : 2 0 0 ml 
cultures of 24 hour-old mycelium were harvested by centrifugation (12000g, 5 
minutes at 4 °C ). The pellet was resuspended in 50ml TE with 34%  (w/v) 
sucrose and 10ml 0 .25M  EDTA pH8.0. 5ml of lysozyme solution was added 
and the mix incubated at 3 7 °C  for 10-40 minutes until lysis occurred. The 
advantage of the incorporation of sucrose into the medium is that prolonged
incubation times may be used with large amounts of mycelium, without DNA 46  
degradation at this step due to the hypertonicity of the lysozyme solution (3 4 %  
sucrose). The solution was cooled by the addition of ice-cold TE and sucrose 
(50ml), mixed and incubated on ice. All successive steps were carried out with 
pre-cooled apparatus in a cold room.
10% (w/v) S D S  solution at 60°C  (21 .6  ml) was added to the solution and stirred 
gently with a glass rod. At this stage the cells were lysed and the mix became 
extremely viscous. 43 .2  ml of ice-cold 5M NaCI was then added to the solution 
which was stirred gently. The salt precipitated proteins and some 
macromolecular components and the viscosity decreased; following overnight 
incubation at 4 °C , the precipitate was pelletted by centrifugation in 6 oak-ridge 
tubes at 3 1 ,000g in a Beckman JA20 rotor for 30 minutes. A half volume of 
cold 30%  (w/v) PEG 8000 was added to the supernate to give a final 
concentration of 10%  PEG. The supernate was allowed to stand for 4  hours.
The resulting precipitate was collected by centrifugation at 2455g in a Beckman 
JA14 rotor for 1 hour and dissolved in 10ml of a saturated caesium chloride 
solution prepared in TE. Ethidium bromide was added to a final concentration 
of 600 p g .m H , and the density of the solution carefully adjusted to 1.58g/ml.
The solution was centrifuged in a Beckman VTi65 vertical rotor at 289,000g for 
5 hours at 20°C . Two bands were visible with UV illumination. The lower band 
represented supercoiled ccc plasmid DNA and the upper, chromosomal and 
relaxed plasmid DNA. The lower band was recovered using a 1 ml syringe and 
the ethidium bromide removed by repeated butanol extractions (using water- 
saturated butanol). After dialysis with at least 3 changes in a 100 fold excess 
of TE, the plasmid DNA was precipitated by the addition of 1 /1 0 th volume of 
5M NaCI and 2 times volume of absolute ethanol. The precipitated plasmid 
DNA was pelleted by centrifugation (27000g, 4 °C , 15 minutes) and washed 
twice with 70%  (v/v) ethanol. The pellet was then dried briefly in a vacuum  
dessicator before it was redissolved in 100 pi TE. This preparation yielded 
large amounts of pure plasmid DNA suitable for all in vitro manipulations, and 
gave good yield of pure plasmid DNA from large low-copy plasmids, provided 
all manipulations are carried out gently and with attention to features which 
give may shear DNA, such as mixing, trituration, (note the absence of the 
normal step of dissolving crystals of caesium chloride in the DNA/TE solution), 
and restricting shear in hypodermic needles to a minimum.
2.11.5 Digestion of Plasmid DNA with Restriction Enzymes: Restriction 
enzyme digests using the enzyme EcoR1 were performed as directed by the 
supplier. They were used to quantitate DNA with respect to a known 
concentration of standard DNA and to check the accurate restriction pattern for 
the plasmid pFZ163 with this enzyme.
2 .1 1 .6 Gel Electrophoresis. DNA was visualized on horizontal neutral agarose 47  
gels using 0 .8 %  (w/v) gels. BRL model H6 gel kits were used for rapid analysis
of DNA digested with restriction enzymes or following plasmid DNA purification.
0 .16g agarose was added to 20ml of TBE, boiled then cooled to 6 0°C .
Ethidium bromide was added to a final concentration of 200ng.m H  and the 
molten agarose poured into a 7.6cm X 5.1cm gel caster with an 8  well slot 
former (4.1 X  0 .8 mm wells). After the gel had set, the slot former was removed 
and the gel placed in the tank with 500ml of TBE. The gel was electrophoresed 
for 30-45 mins with an applied voltage between 2-10V cm -1 depending on the 
time available and the level of resolution required.
2 .11 .7 Photography of Agarose G els: Gels stained with ethidium bromide 
were viewed on a 302nm  UV transilluminator and photographed using a 
Polaroid Land cam era fitted with a Kodak Wratten filter (No. 23A) and Polaroid 
type 67 land film.
2.12 Streptomvces in vitro Gene Transfer Techniques
2.12.1 Growth of Streptomvces  mycelium for the preparation of DNA Plasmid- 
containing strains of S,albus were grown in TSB at 34°C and 250rpm with 
thiostrepton for maintenance of plasmid.
2.12.2 Growth of Streptomvces mycelium for the preparation of protoplasts 
For the formation of protoplasts, spores of S. thermonitrificans at a 
concentration of 106. ml' 1 were inoculated into TSB and grown at 37°C  at 
200rpm shaker speed. A volume of 25 ml in a 250ml erlenmeyer flasks was 
used. The culture was harvested after 22-24 hours of growth.
2.12.3 Transformation with plasmid D N A : Plasmids were introduced into 
Streptomyces by genetic transformation using the PEG-mediated method 
described by Hunter (1985) and modifications described by Czaplewski (1989).
2.12.4 Preparation of Protoplasts: 25ml cultures of S. thermonitrificans were 
grown at 370C . The mycelium was pelleted at 1 2 0 0 0 g for 10 minutes and 
washed twice in 10.3%  (w/v) sucrose, then resuspended in 5ml of medium P 
(containing 0 .25 mg ml-1 lysozyme) and incubated at 3 7 °C  for 40 minutes. 
Formation of protoplasts was monitored microscopically and the reaction 
terminated by addition of 5ml of P medium, trituration and quenching on ice 
for a few minutes. Protoplasts were then filtered through cotton wool, pelleted 
at 12000g for 10 minutes and washed twice in P medium. Finally they were 
resuspended in 2ml of medium P, dispensed into 10OjLtl aliquots and used 
immediately.
2.12.5 Transformation of protoplasts. DNA was addsh in a wninm9 0f |esc than 48  
10|il and the mixture was incubated on ice for 10 seconds, then 0 .5 ml of PEG 
solution was added and the solution returned to incubate on ice for 1 minute.
0.5ml of medium P was then added and subsequent dilutions were made in 
medium P.
2.12.6 Regeneration of transformed protoplasts. The method of preparation of 
regeneration medium for protoplasts was standardised. The media were stored 
in two parts (A and B); the former solid and the latter liquid. Both were 
steamed until portion A melted. They were incubated at 5 0 °C  for about 30 
minutes and the B portion was poured into A and mixed by swirling. 1 ml of a 
1% (w/v) KH2 PO 4 was then added. The mixture was swirled and poured into 9 
cm diam eter petri dishes. 200 ml of medium was sufficient for 8 plates. The 
plates were left half open to the air in a laminar flow hood for 45 minutes when 
they were turned 1 8 0 ° and their position in the hood altered so that those at 
the front were positioned toward the back of hood. After a further 45 minutes 
the plates ready for use.
2.12.7 Plasmid selection in Streptomvces was carried out with thiostrepton 
(provided by E. R. Squibb, New Jersey, U.S.A.) dissolved in DM SO to make a 
1% (w/v) stock solution. Transformed protoplasts of S. thermonitrificans were 
selected after 16-22 hours non-selective growth at 30°C  by overlaying the 
protoplast regeneration plates with 4ml of a 55 pg ml-1 thiostrepton solution in 
a 10.3%  (w/v) sucrose solution.
Protoplasts of S. lividans were regenerated on R2 agar plates using 1 ml 
sucrose solution containing thiostrepton at 220pg.ml-1. Protoplasts of S  
lividans were frozen stocks provided by K J.Linton, prepared according to the 
method of Hunter (1985).
2.13 Streptomvces in vivo Gene Transfer Manipulations (Conjugation)
Spores of the required strains were mixed together in eppendorf tubes on a 
vortex mixer. 1 ml aliquots were then applied to dry solid agar plates and 
spread using a flamed glass spreader. Following growth, the spores were 
harvested by loosening spores from the surface of agar with a wire loop and 
the addition of 1 ml water. W hen a dense spore suspension had been obtained 
it was removed using a micropipette and added to an empty eppendorf tube.
Serial dilutions were then made for subsequent analysis.
2.13.1 Replica Plating This is described in the manual by Hopwood e ta i ,  
1985.
2.14 BigassflY far.Q^sytetrapyglinQ; 1 cm diameter plugs were taken from 40ml 49  
plates of Emerson agar and either inoculated with spores of a test colony of 
Streptomyces or between 1 -1 Opl of 1 m g.m H oxytetracycline (1 -1 Opg per plug).
The plugs were incubated in a water saturated environment at either 370C for
S. thermonitrificans , or 30°C  for S. lividans, until growth and sporulation of the 
test colony had occurred. Control and tetracycline plugs were incubated 
overnight at 30°C to allow diffusion of the antibiotic throughout the plug. A 
culture of Bacillus subtilis EM E105 was grown to stationary phase, diluted 1 in 
100  in L broth and 10Ojal of the diluted culture added to 100ml of molten 
antibiotic medium 2  at 55°C . The agar was poured and allowed to set. The 
plugs of test colonies and calibration plugs were placed on the surface of the 
agar, round the perimeter, 8 plugs per petri dish. The test plates were then 
incubated overnight at 37°C . Zones of clearing of B. subtilis corresponded to 
presence of a growth inhibitor (predicted to be an antibiotic) - the diameter of 
the zone of growth inhibition is logarithmically related to the concentration of 
antibiotic.
2.15 Bioassav for Holomvcin: Flavobacterium spp. is an extremely sensitive 
organism for the assay of holomycin. However it is a Class II pathogen, and 
was therefore used with containment standards suitable for this class of 
organisms.
Liquid cultures were grown for 24 hours without shaking at 30°C , and added to 
molten L-agar (55°C ) at a concentr ation of either 1 pi, 0.1 pi or 0.01 pi 
Flavobacterium  culture per ml agar. This seeded agar was then used to 
overlay TLC plates, the product of separation experiments, in which one of the 
tracks contained a holomycin standard. The agar plate was allowed to solidify 
and incubated overnight at 30°C . Comparison of test and holomycin tracks was 
made with the test tracks following incubation. A zone of growth inhibition 
would indicate the presence of a factor preventing growth of Flavobacterium  
spp., predicted to be due to antibiotic activity.
2.16 Discontinuous Fed Batch Cultivation of S. thermonitrificans PBROC139:
TSB containing thiostrepton was inoculated with spores (minimum 106 
spores.ml-1) of S. thermonitrificans pBROC139 in a volume of 50ml. The 
medium was added to 500m l erlenmeyer flasks (ie with a resulting 
medium/flask volume ratio half the normal) and allowed to grow for 20  hours at 
a temperature of 45°C . After this time 80ml of 579M M  (15g.l'1 glucose, 3mM  
phosphate, containing thiostrepton) was added to the flask, and the flask 
returned to incubate. Every 24 hours for a total of 4 days a further 80ml of 
579M M  was added to the flask. Following cultivation for 5 days in total, the 
flasks were harvested, mycelium pelletted by centrifugation and supernates
collected for use in the purification of the yellow product. 50
2.17 Solvent extraction This was carried out using 1 litre or 500ml separating 
funnels, filled with 1/3 volume of test mixture and 1/3 volume of solvent. The 
pH was corrected as necessary, and extractions were repeated 3 times. The 
lower layer was drained from the base of the funnel, and the upper layer 
collected for evaporation ,
2.18 Rotary evaporation this was carried out using a Buchi rotary evaporator 
and vacuum generated using either a water pump, or a vacuum pump, without 
heating.
2.19 Small scale evaporation This was accomplished using a Speedivac 
centrifugal vacuum apparatus, in accordance with the manufacturer's 
instructions.
2.20 Thin laver chromatography Mini - TLC plates were prepared by 
subdividing prepared polythene-backed silica TLC plates (18cm x 18cm) into 6 
smaller plates. A pencil line was drawn Icm from the base of the plate, onto 
which spots of the test mixture were placed, allowing the damp spots to dry in a 
stream of air prior to subsequent application of sample. Plates were developed 
in a small jar where the atmosphere was pre-equilibrated with solvent. Plates 
were lowered into the jar and developed for 20-40 minutes. Larger scale 
preparative TLC  was carried out using glass-backed TLC plates (prepared with 
Kieselgur, BDH ), running the plates in a tank for 1 -2 hours.
2.21 Visualisation of TLC Coloured spots were marked. Plates were viewed 
with long wavelength and medium wavelength UV, or after spraying with 
iodine solution, to locate colourless spots.
2.22 Chromatography and Analysis
2 .22 .aColumn Chromatography This is described in section 7.5.2. Amberlite 
XAD -4  resin (Sigm a), a hydrophobic adsorption resin was used for isolation of 
the yellow pigment. It is conventionally used for adsorption of organic 
molecules from polar solvents.
2.22.b HPLC A Phillips P U 4100 Programmable Liquid Chromatograph was 
used together with a Multichannel Detector (Model PU4021) with a Phillips 
P3202 C .P .U . working in the Microsoft Windows environment. They were used 
in accordance with the manufacturer's manual. The columns and matrices 
used are described in Section 7.6.7.
2.22 c FPLQ A Pharmacia system was used in accordance with the 
manufacturers instructions. The matrices used experimentally, are described 
in Section 7.6 .7 .
2 .2 2 .d Nuclear Magnetic Resonance Analysis This was carried out by Dr 
Ryecroft, Departm ent of Chemistry, University of Glasgow, and Dr Julia Foster, 
University of Leeds.
2 .22.e M ass Spectrometric Analysis: this was carried out by Dr Tony Ritchie, 
Department of Chemistry, University of Glasgow.
CHAPTER 3
Fermentation Development of S. thermonitrificans
3.1 Introduction
An initial screen of fourteen thermotolerant Streptomyces yras made by Dr 
Linda Harvey, and scored against the range of factors listed below
1. Maximum biomass production at elevated temperatures (between 40 to 
600Q
2. Absence of extracellular polysaccharide production; extracellular 
polysaccharide would produce viscous culture broths and act as a drain on the 
carbon supply.
3. Absence of detectable, host-encoded antimicrobial product; to simplify the 
purification of a potential heterologous antimicrobial product.
4. Absence of mycelial growth in the form of pellets in the complex media, 
Trypticase soy broth (TSB), Luria broth (L broth) and ATTC broth. Mycelial 
growth in the form of pellets is frequently detrimental to product formation, and 
complicates physiology studies by forming heterogeneous cell populations..
On the basis of these results S. thermonitrificans was chosen for the project.
A defined medium, LMM , in fully and semi-defined versions was devised (L. 
Harvey, personal communication described in Materials and Methods).
3.1.1 Developm ent of a Fermentation For The Expression of a Recombinant 
Product from S. thermonitrificans in a Mass-Balanced System
It is common for the products of recombinant Streptomyces to be expressed 
on a small scale in shake flask culture. However, the aim of this project was to 
take a different approach. The strategy was to investigate quantitatively the 
growth and expression of a product by a recombinant streptomycete in a stirred 
tank reactor, in a system that could be analysed simply and comprehensively.
A defined medium for growth of S. thermonitrificans was required, to gain 
precise control over the nutrient environment. Growth conditions were needed 
which could be manipulated and measured accurately, combined with the 
development and implementation of relevant assay techniques. As the project 
progressed, it was necessary to assess the results with respect to the project 
requirements and proceed accordingly, re-optimising growth conditions when 
required.
3.1.2 Growth Kinetics of Filamentous Organisms
Exponential growth of mycelial organisms in submerged culture is the result of 
apical branching and fragmentation: each individual hypha grows only at a 
linear rate (Trinci, 1969). In studies of mycelial morphology in continuous 
culture, dilution rate was found to influence morphology in S. hygroscopicus 
(Trinci, 1990; Kretschmer, 1981, detailed in Chapter 1). Fcfr mycelial 
organisms, dense filamentous growth lowers the apparent mass transfer 
coefficient by increasing the viscosity of broths. However, growth in the form of 
pellets may occur for cultivation conditions stimulating a high frequency of 
branching, (Bushell, 1988). The pelleted form of mycelial growth contrasts 
with the filamentous growth form, producing low viscosity broths which are 
composed of mycelia in clumps. The pellet centre is composed of early-grown 
hyphae whilst later growth is primarily situated on the outer edge of the pellet 
as the hyphae grow and branch out. Although growth in the form of pellets 
results in broths of low viscosity, large mass transfer gradients exist across the 
pellet.
It has been shown experimentally that various fungi may grow according to the 
exponential law:
xt = x0 e tW  (Pirt and Callow, 1960)
where xt = biomass at time t (g.M) 
x0 = biomass at time 0 (g.M)
Fm = maximum specific growth rate ( l r 1)
Exponential growth in mycelial organisms is compatible with apical extension 
providing branching of hyphae occurs. However a cube root relationship 
(given below) has been found experimentally to apply to submerged growth for 
some fungi and actinomycetes at specific stages in their growth (Marshall and 
Alexander, 1960)
xt = x0 1/3 + kt (Pirt, 1966) where k = constant
The growth kinetics of pellets may not adhere rigidly to the cube root theorem  
(Pirt, 1966). For intra-pellet hyphae that are interwoven loosely, turbulence 
may allow penetration of medium, resulting in partially exponential or 
exponential growth. Hence there is an apparent anomaly -^growth rate 
influences morphology, and conversely morphology influences growth rate. 
Under normal conditions morphology can be optimised for the requirements of 
the process, by adjusting medium composition or growth conditions (Bailey and 
Ollis, 1986; Braun and Lifshitz, 1991).
3.1.3 Retrospective Experimental Strategy
Preliminary growth studies on complex and semi-defined media were carried 
out. Biomass concentrations were low, reproducibility was poor, and growth 
was consistently in the form of dense mycelial pellets. A growth limitation was 
suspected to be in operation, but could not be alleviated during media trials. A 
fully-defined medium was therefore devised, based on a previously reported 
general-purpose medium. This medium (579M M) was subsequently optimised 
by adjusting the glucose concentration to a suitable level for both efficient 
carbon conversion, and accurate determination of glucose and biomass 
concentration. Inoculum development procedures were then devised, suitable 
for adaptation of S. thermonitrificans for growth on the defined medium 
5 7 9 MM. These procedures were adapted for use in large-scale experiments 
and for ferm enter-scale cultivation. A modified aeration method, enabled 
filamentous growth of S. thermonitrificans on the minimal medium 579M M  in a 
9 litre Bioengineering fermenter (working volume 7 litres).
3.2 Preliminary Growth Studies
3.2.1 Growth curves for S. thermonitrificans on Complex Medium, in Flask 
Experiments
Growth curves of the organism on TSB (a complex medium rich in organic 
nitrogen sources and phosphate) at 37°C and 45°C  are shown in Figure 3.1 
and Figure 3.2.
Inoculum was prepared by germinating spores and growing in TSB overnight at 
the required growth temperature, using a concentration of 107 spores mM 
medium. The mycelium was washed twice and resuspended in the original 
culture volume. This was used to inoculate flasks to a final mycelium 
concentration of 2%  (v/v). Flasks were grown in duplicate, pooled and samples 
taken in triplicate. The minimum requirements for all growth studies are listed 
below
1. Experimental variables were set up in triplicate
2 . Samples were taken in triplicate wherever possible
3. All experiments were repeated at least once
4. W herever possible standard deviations are given. \
The curves for growth of S. thermonitrificans in TSB at 37°C  and 45°C  gave 
final biomass concentrations of 5  and 4 .5  g.M at 373 C and 45°C  (Figures 3.1 
and 3.2). Errors in the last data point for each curve were ascribed to mycelial
lysis. During the initial stages of growth the mycelium formed miniscule pellets ^5 
which later dispersed around 8 hours into the cultivation. From 8 hours to 
termination, growth was in the form of dispersed mycelial mats. This change 
from pellet to dispersed mycelial morphology during the initial stages of growth 
is reported to occur for many antibiotic fermentations (Bader, 1986; Luedeking, 
1967).
/
The growth curves shown in Figures 3.1 and 3.2 illustrate the response in 
growth rates and final biomass concentrations by S. thermonitrificans to 
different growth temperatures. Maximum biomass levels at 4 5 °C  were less 
than those at 3 7 °C  (5 g.M  in comparison with 4.5 g.M ) whereas the maximum 
(approximate) growth rate was higher at elevated temperature, estimated to be 
0.30 g biomass.hr1 at 45°C  in contrast to 0 .2 3 g .lr1 at 37°C  (estimated by 
taking tangents to the curve Figure 3.1 and 3.2). Because of the undefined 
kinetics of these growth curves, the growth rates are culture growth rates, and 
are not specific growth rates (which rely on exponential growth).
For 3.1 Slope = 4 .2 -1 .4 0.23 g biomass.hr1 (37°C)
2 0 - 8 .0
For 3.2 Slope = 4.0 - 1.0 0.30 g biomass.hr1 (45°C)
1 4 - 4 .0
The differences in final biomass concentrations were attributed to a higher 
maintenance requirement at the higher temperature, which is a general trend 
for microorganisms (W allace and Holmes, 1986). The concept of the 
maintenance requirement and its determination are discussed in detail in 
Chapter 4.
The growth kinetics were difficult to determine. It is normally acknowledged 
that filamentous organisms are capable of exponential growth in liquid culture 
due to mycelial fragmentation providing a potential increase in the number of 
growing points. The filamentous morphology shown by broths of S. 
thermonitrificans in these experiments would suggest that these type of growth 
kinetics would predominate. The growth curves of S. thermonitrificans on TSB  
roughly approximated to a sigmoidal shape on a non-exponential plot, with a 
rapid death phase.Therfore, possibly the growth curves could be explained 
more meaningfully as intermediate relationships between exponential, cube 
root and linear growth kinetics. It has been observed by Bushell in his review 
(1988) that non-exponential biomass accumulation kinetics are observed for 
most published streptomycete growth curves.
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3.2.2 Growth Curves for S. thermonitrificans on Sami-nafinBri Marti..m Jn 57
Flask Experiments
The final biomass concentrations for S. thermonitrificBns were very low for 
growth on semi-defined LMM, in the initial stages of the project. Final biomass 
concentrations of 0 .37 +/- 0.21 g .H  were achieved in 48 hours with a spore 
inoculum of 2 x 103 per ml LMM. This result was confirmee/, using a larger 
spore concentration of 5 x 108 (see 3.7.0, development of defined inocula).
An inhibition of germination in semi-defined medium was suspected to account 
for the low final biomass concentrations. Inhibition of germination in the 
absence of high concentrations of calcium and complex amino acid sources is 
a common occurrence (Ensign, 1978)
The use of stationary phase inocula pre-grown on TSB at a concentration of 
10% (v/v) in semi-defined LMM resulted in increased final biomass 
concentrations toward 1.03 +/- 0.26 gM at 45°C. Further manipulations and 
experimentation, such as varying the degree of shear stress during the 
preparation of inocula, by vortex mixing, ultimately improved growth to enable 
final biomass concentrations of between 1 and 2 g.l' 1 to be achieved. These 
were in reasonable agreem ent with those previously recorded for growth of S. 
thermonitrificans in semi defined LMM in flask culture with 15g.l'1 glucose (2.3 
g.l'1, L. Harvey, personal communication). A growth experiment was carried 
out using sheared mycelial inoculum with semi-defined LMM at 37°C . Spores 
were pre-grown on TSB for 48 h at 37°C , harvested and sheared by vortex 
mixing. The sheared mycelium was inoculated into semi defined LMM with a 
10% (v/v) inoculum ratio. The growth curve was repeated at 45°C  (Figures 3.3 
and 3.4).
By taking tangents to each curve, values which represent the approximate 
maximum growth rate for S. thermonitrificans, at both 37°C  and 45°C  were 
obtained. Given the undetermined kinetics of these growth curves, treatment 
assuming exponential growth and Monod kinetics was considered erroneous. 
Instead approximate maximum linear growth rates are presented, to show the 
variation in growth rate with temperature. The data indicate that the rate of 
biomass accumulation is greater at 45°C  than at 37°C .
For 3.3 Slope = 2 .0 -0 .6  = 
2 7 - 5
0.06 g biom^ss.h'1
\
(37°C)
For 3 .4 Slope = 1 .5 -  0,4 = 
1 4 - 4
0.11 g biomass.h'1 (45°C)
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It was noted that lysis and a death phase occurred under these conditions at 
4 5 °C , following 30 hours of growth in semi defined LMM, but was not studied 
further. A heterogeneous mixture of pellets of many different sizes, were 
observed by visual examination of biomass samples, and not the filamentous 
mycelial growth observed with S. thermonitrificans grown on TSB.
3.2.3 Investigation of the Growth of S. thermonitrificans ir /a  9 Litre 
Bioengineering Ferm enterin  Semi Defined LMM
A 7 litre fermentation in semi-defined LMM in the Bioengineering fermenter was 
established, using a 10 % (v/v) seed stage inoculum (prepared from a 48h 
culture at 4 5°C , with a spore concentration of 106 spores per ml TSB medium). 
The glucose concentration was maintained at 83 mM and the phosphate 
concentration at 10m M . Agitation and aeration were set at 400 r.p.m. and 
Iv .v .m ., tem perature at 45°C  and pH maintained at pH7.0. Fermenter 
cultivation was carried out for 48 hours. The curves for growth and glucose 
utilisation are presented in Figure 3.5.
Final biomass concentrations reached a value of 2.2  g .H  after 45 hours for this 
experiment. Of particular concern was the observation that growth was in the 
form of small, tight pellets, 2-3 mm in size, which could not be observed under 
the microscope without sectioning. Microscopical observation indicated that, 
as expected, intra-pellet growth was extremely dense. This fermentation was 
repeated five times; in four cases the dissolved oxygen concentration did not 
drop below 79% , and in one instance a minimum dissolved oxygen 
concentration of 40%  was achieved. This implied that the mycelial pellets had 
a very slow rate of oxygen uptake. Final biomass concentrations were 
between 1 .5  and 2 .2  g .H  for up to 80 hours of growth. For individual 
fermentations, growth curves were of varying shape and yield coefficients with 
respect to glucose utilisation were inconsistent. One explanation for the 
inconsistency in the determination of yield coefficients could be due to errors in 
the dilutions used to estimate the glucose concentration. However, by 
checking the dilutions gravimetrically, this was discounted. A yield with respect 
to glucose of 0 .19  g biomass.g*1 glucose for growth at 45®C was obtained for 
the data shown in Figure 3.5 (from the slope of the regressed biomass v 
glucose curve Figure 3.6). The growth data from Figure 3.5 could be fitted to a 
cube root curve (Figure 3 .7 ), which may indicate that pellet-growth kinetics 
predominated in the stirred tank bioreactor. Each fermentation carried out 
under these conditions gave growth curves which approximated to cube root 
kinetics (not shown), implying that growth was diffusion-limited. Cube root 
plots of flask growth curves did not give straight lines (not shown).
The theoretical maximum diffusion distance for oxygen is 40 pm (Pirt 1966 ’ 
from Hill, 1928). As the pellets formed in the stirred tank fermentations were 
considerably larger than this value and pellet growth very dense, it can be 
postulated that only the hyphae at the periphery of the pellet were respiring. 
This hypothesis would explain the low oxygen demand by the culture. If this 
was the case, then only a proportion of the culture was capable of active 
growth and the variation in pellet diameter could explain sofoe of the kinetic 
variability observed. These slow and inefficient growth kinetics were 
considered unsuitable for the requirements of the project, and methods to 
overcome both the pellet morphology and poor kinetics were sought.
3.4.0 Medium Development
Initially it was thought that a medium limitation preventing growth beyond 
around 2  g.l-1 was the reason for the low yields of biomass with respect to 
glucose in sem i-defined LMM. A strategy to identify and alleviate a potential 
nutrient limitation was therefore adopted. However no specific nutrient 
limitation could be identified. A large portion of this work, some of which is 
described in 3 .4, was carried out with cultures resulting in low, variable, final 
biomass concentrations and mycelial pellets of varying size and apparent 
hyphal density.
A fully defined version of LMM which allowed growth of S. thermonitrificans 
had previously been devised (see Materials and Methods), however it was 
found that medium components would precipitate prior to, and during, 
sterilization. This problem could not be alleviated by isolating specific 
components, assembling the medium after sterilization, and only the use of 
chelators prevented precipitation. Chelators, such as nitrilotriacetic acid should 
establish a dissociation equilibrium and small amounts of trace metal should 
dissociate from the chelator as the microorganism uses the dissolved sources. 
At a constant pH of 7 .0, S. thermonitrificans was unable to compete with the 
chelators NTA and EDTA when used at concentrations required to fulfil their 
role in preventing the formation of precipitates. Figure 3.8 describes relevant 
work.
As a result of the inability to use fully defined LMM, shown in Figure 3.8, a 
strategy was adopted to identify a putative simple nutrient imitation by 
systematic supplementation of the non-precipitable, semi-cfefined medium, 
LMM. The information gained would be used to modify existing media, or to 
develop a novel medium. In addition, inoculum development techniques and 
ideas would progress using a medium in which growth, albeit kinetically 
unacceptable, could be observed. Semi-defined LMM was used as a control.
Figure 3.8 Sum m ary of Work for the Use of Fully Defined LMM for Growth nf 61 
.<? thermonitrificans
Variable
Phosphate and glucose 
removed from medium  
for sterilization, and 
added aseptically prior to 
inoculation.
All medium components 
sterilized separately and 
assembled aseptically 
following sterilization.
Addition of EDTA and 
NTA to the point at which 
precipitates begin to 
dissolve (the minimum  
requirement), and also at
0.5 mM, 0 .25m M  and
0.05 mM final 
concentration
Supplementation of semi­
defined LMM (which does 
not require trace metals 
and with which no 
components precipitate) 
with the 3 chelators 
together with 0 .25  M 
magnesium chloride to a  
final concentration of 
10mM (to 'm op up' 
chelation sites) at 
concentrations described  
above.
Result
Precipitation of 
unspecified medium 
components on addition 
of the trace metal 
solution.
Precipitation of 
unspecified medium 
components on addition 
of trace metals.
No growth of S. 
thermonitrificans at any 
concentration.
No precipitation.
No precipitation of any 
medium component 
Normal growth
Conclusion
Unacceptable
i
Unacceptable
)Possibly the chelators 
)were toxic to S. 
)thermonitrificans or 
)have an affinity for trace 
)metals with which S. 
)thermonitrificans cannot 
)compete.
The chelators were not 
toxic to growth of S. 
thermonitrificans, but 
competed for trace 
elements with the 
streptomycete.
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3.4.1 To Investigate and Alleviate a Possible Nutrient Limitation in Sami-
Dpfined LMM
Three experiments are described (of many carried out) and the results are 
shown in Table 3.3. Duplicate cultures were harvested after 30 hours, sampled 
in triplicate and repeated;-
1 . Semi-defined LMM was supplemented individually and in all combinations 
with magnesium, zinc and manganese salts used at the concentrations 
described for fully-defined LMM (in which component precipitation was a 
problem)
This experiment was an attempt to investigate whether components which are 
present in fully defined LMM were necessary to achieve final biomass 
concentrations greater than 2 g .M . Semi-defined LMM medium containing 
magnesium, zinc and/or manganese salts, at the concentrations used in the 
fully-defined version of LMM, were added to the fermentation in an experiment 
encompassing all possible combinations of these 3 trace components, 
individually and together. Results are given in Table 3.1. In general any 
increase or decrease in biomass concentration in comparison with control 
flasks were minor. It was concluded that these metals were not the limiting 
factor for growth of S. thermonitrificans.
2 Semi defined LMM was supplemented with the mixed amino acid 
supplements used in Hopwood Complete Medium (Hopwood eta l., 1985) and, 
in a separate experiment, with a casamino acid supplement (at a final 
concentration of 20 g .l'1). Results are shown in Table 3.1. Growth in all 
supplemented cultures showed increases over control cultures. This was 
considered the result of an increase in easily-utilised organic carbon and 
nitrogen sources. A relatively large biomass increase would have been 
expected if a nutrient or precursor limitation had been overcome, given the 
carbon source concentration in the medium (glucose 15g.l'1). As a defined 
medium based on a single carbon source was the aim of this work, the result 
was not investigated further.
3. Supplementation with yeast extract. Yeast extract supplemented semi­
defined LMM was prepared at the concentrations shown in Table 3.1. These 
supplemented media gave higher final biomass concentrations, increased 
growth rate and dispersed mycelial morphology, than the unsupplemented 
media, judged qualitatively. It was considered that removal of a growth
Table 3.1 Attempts to Alleviate a Potential Nutrient Limitation in Semi-Defined
LMM
Variable Final Biomass Results expressed
Concentration (g .H ) as a %  compared
Experiment 1
v U I III Ul
i
(final mineral concentrations as for fully defined LMM)
Magnesium 1.61 +/- 0.09 90
Manganese 1.61 +/- 0.05 90
Zinc 1 .7 7 + /- 0.04 99
Magnesium and 1.41 +/- 0.05 83
Manganese
Magnesium and Zinc 1 .6 3 + /- 0.11 91
Manganese and Zinc 1 .6 7 + /- 0.16 94
Magnesium, M anganese 1.70 +/- 0.26 95
and Zinc
Control 1.78 +/- 0.20 —
Experiment 2
Amino Acid Supplements o + o o ro 136
(Hopwood et a!., 1985)
Casamino Acids 1.21 + /-0 .0 4 159
(20  ml of 1%  solution.I-1)
Control 0.76 +/- 0.01 —
Experiment 3
Yeast Extract (2 .5  g.l-1) 2 .60 +/- 0 .07 226
Yeast extract (5 .0  g .H ) 3.62 +/- 0.06 314
Yeast Extract (1 0  g.l*1) 4 .38  +/- 0.29 381
Control 1 .1 5 + /-0 .0 6
limitation had possibly occurred. Yeast extract contains high levels of B 
vitamins, phosphate and small amounts of easily-assimilated organic carbon 
and nitrogen sources. The higher final biomass concentrations coincided with a 
switch from pellet to filamentous mycelial morphology. It was considered that 
the factors listed below could have had a role in the increase in biomass 
concentrations observed in this experiment.
/
i. supply of B vitamin sources
ii. high phosphate levels
iii. a growth factor, capable of causing a switch from pellet, to filamentous 
growth
iv. a growth rate suitable for filamentous mycelial growth in contrast to 
mycelial growth in the form of pellets , possibly as a result of the change in 
availability of organic nitrogen and carbon sources.
Further experim ents were designed to test the potential effects of these four 
factors on growth. Variations in the levels of inorganic phosphate above 3 mM 
were found to have little or no influence on growth in LMM (data not shown). 
Similarly the inclusion of a mixture of the B vitamins nicotinamide, pyrodoxine- 
HCI, biotin and riboflavin in media (at 0.1 g of each per litre) had no detectable 
effect on growth (data not shown). In light of this it was evident that some 
unidentified factor was responsible for the enhanced growth of S. 
thermonitrificans in media supplemented with yeast extract. The 'unidentified 
factor* was suspected to be an increased growth rate. Growth rate increases 
are observed in minimal media supplemented with yeast extract for 
Xanthamonas campestris (Rye eta l., 1988) and E.coli (Hunter, personal 
communication).
3.4.2 The Effect of Phosphate on Growth in Semi-Defined Medium (LMM)
When polyphosphokinase is present, some Streptomyces may store reserves 
of phosphate as inorganic polyphosphate (Hostalek eta l., 1976).
Polyphosphate is a store of activated phosphate, which is osmotically inert and 
can be accumulated to a high concentration. Polyphosphates are known to 
participate in the regulation of intracellular ATP and other nucleotide levels in 
some organisms. This enables some attainment toward independence of 
microbial metabolism from environmental conditions (Kulaev, 1985). The 
intracellular presence of polyphospoglucokinase enables pplyphosphate to 
mimic the function of ATP (Szyona, 1962). Hence polyphosphate storage was 
considered a relevant factor to be taken into account in interpreting yield data 
for S. thermonitrificans pre-grown on complex medium. Accumulation of 
polyphosphate could occur when S. thermonitrificans was grown on TSB and
could be used as an energy source when the organism was grown on semi­
defined LMM.
Inocula of varying age (20, 44 and 68 hours), grown in TSB were prepared and 
inoculated (10%  v/v) into flasks containing or lacking exogenous phosphate 
(at 10m M concentration). Flasks were inoculated in duplicate, sampled in 
triplicate and the experiment repeated. The mean final bio/nass concentrations 
are presented in Table 3.2. From these results, it was concluded that no 
apparent growth of S. thermonitrificans occurs in minimal medium lacking an 
added phosphate source. The biomass levels detected in medium lacking 
phosphate were those of the initial inoculum (see table). Hence from these 
data, polyphosphate storage could be disregarded as an influence on the yield 
of biomass with respect to substrate in LMM. There may be some 
polyphosphate storage and mobilisation, but at a level which was considered 
negligible.
3.4.3 The Influence of Shear Stress and the Polvmer Additive. Junlon. on 
Growth of S. thermonitrificans
Experiments were devised using a variety of shearing techniques at four 
different stages during inoculum preparation and cultivation on minimal 
medium. These are listed below.
- Shear on the spore suspension prior to inoculation (shear by vortex-mixing )
- Shear during germination of inoculum in TSB (use of baffled 
flasks, springs or glass beads)
- Shear during the wash for inoculation into semi defined medium (vortex 
shear, with and without glass beads)
- Shear during growth in semi defined medium (use of baffled flasks, springs or 
glass beads)
No increase in final biomass concentration, or alteration of pellet morphology 
occurred with any shear technique used. In contrast, some of the variations 
resulted in decreased biomass levels, which coincided with the occurrence of 
very small, tight-meshed pellets of mycelium. In addition the use of baffles or 
springs during growth stages resulted in mycelial lysis when observed 
microscopically.
\
It did not appear that a random increase in shear stress could result in 
increased final biomass concentration, or the promotion of filamentous 
morphology p er se. It would have been relevant to investigate the effect of 
reducing shear stress, by increasing the medium viscosity during growth on
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Table 3.2 Investigation into the Effect of an Absence of Phosphate on Growth 
of S. thermonitrificans
inoculum Age.
20 hours 
44 hours 
68 hours
Final Biomass Concentration g.Ul
With Phosphate Lacking Phosphate 
(10 mM)
1.91 + /-0 .0 3  0 .2 7 + /-0 .1 2
2.34 +/- 0.03 0.29 +/- 0.06
1 .0 0 + /-0 .0 4  0 .2 4 + /-0 .1 8
Inoculum mass 0.35 (g.l'1 final concentration)
Table 3.3 Investigation into the Influence of Junlon in Semi Defined LMM for 
Growth of S. thermonitrificans
Junlon Concentration g.M  Final Biomass Concentration (this also includes 
___________________________residual Junlon) a.hi-________________________
0.5 1.45 + /-0 .21
1.0 2.45 +/- 0.80 (small junlon residue observed)
1.5 5.35 + /-1 .1 0 (large junlon residue observed)
2.0 9.63 + /-1 .81 O
2.5 8.72 +/- 0.64 O
Control (lacking junlon) 1.91 + /-0 .21
\
semi defined LMM . However, it is difficult to study the relationship of shear 
stress with growth, quantitatively and independently, of mass transfer variables. 
Reductions in bulk liquid mass transfer rates would accompany increased 
medium viscosity, and a lower growth rate would therefore be predicted. For S. 
coelicolor, the inclusion of polyethylene glycol at high concentrations in defined 
media resulted in slightly increased levels of biomass and a more open 
mycelial network, as a result of an increased medium viscosity (Hodgson,
1982; Hobbs e ta l, 1989). In addition, starch-based defined medium, with a 
high viscosity, has been reported to give filamentous growth of S. coelicolor 
(Vining and Doull, 1989).
For S. coelicolor, a defined medium incorporating a polyacrylic resin, 
conventionally used as a paint thickener, has been devised in order to promote 
a more dispersed morphology (Hobbs eta l., 1989). This polymer, junlon, was 
originally used to modify the submerged growth morphology of Aspergillus spp. 
in minimal m edia for turbidometric growth assay (Trinci, 1983). The mode of 
action of the polymer has not been determined definitively, however it is due to 
some extent on its electrostatic charge properties and is thought to act by 
coating growing cells with a negative charge. It has been shown that 
electrostatic repulsion of spores occurs in medium containing the resin (Jones 
eta l., 1988).
An experiment was established using LMM supplemented with Junlon at a 
range of concentrations from 0.5 g .l'1 to 2.5 g .l'1. Junlon was sterilized 
separately from other medium components at pH7 and added post-sterilization. 
The results are shown in Table 3.3. However the data are inaccurate and 
subject to large errors because the resin was retained on filter paper following 
filtration. In addition, as a result of the viscosity of the samples, high vacuum 
pressures and long filtration times were required (several hours). Junlon 
remains bound to mycelium on centrifugation in the same manner as during 
filtration and, therefore, could not be considered a viable alternative technique. 
Results are shown in Table 3.3.
As the resin is charged, then by altering pH it was thought possible to minimise 
the charge interactions sufficiently for the resin to be washed off mycelia. A 
dense white insoluble precipitate was formed on addition of acid to a pH of 
around 5.0, simultaneously with a decrease in viscosity; however the 
precipitate could not be easily separated from mycelium. \
From the results shown in Table 3.3, Junlon was unsuitable in cases where dry 
weight determinations were required. Turbidometric assay was unsuitable as 
an alternative method of growth assay for S. thermonitrificans: the alleviation
of the normally dense, pelleted morphology of S. thermonitrificans in semi­
defined LMM containing junlon was relatively minor. The concentration of 
some intracellular polymers, such as total DNA or total protein may have been 
suitable for analysing growth, however, calibrating the results against dry 
weight would have been problematic, given that junlon prevents the accurate 
determination of this parameter. In addition the use of junlon would have 
prevented the use of carbon balancing at a later stage in thfe project (carbon 
balancing is described in Chapter 5).
3.5 Summary Conclusions from Preliminary Experiments and the Subsenuent 
Experimental Strategy
From the work described to date, low final concentrations of biomass correlated 
with the occurrence of pelleted broths, and high levels of biomass were only 
achieved with well-dispersed filamentous broths using media containing 
organic carbon and nitrogen sources. Simple experiments were insufficient to 
identify a nutrient limation. Therefore it was considered that work would be 
better directed to to identifying a fully- defined medium on which to improve the 
morphology of S. thermonitrificans, rather than developing a novel medium.
A fully defined medium (Evans, 1967) was identified as a potential replacement 
medium for LMM. Maximum biomass concentrations of 2 g.M and yield values 
of around 0 .20  g.g_1 glucose were obtained in Evans medium with 15 g.l-1 
glucose.
3.6 Optimisation of the Growth Conditions for S. thermonitrificans on Evans 
Medium
Evans defined medium was considered preferable to both versions of LMM as 
a consequence of its fully defined nature. The potentially variable nature of tap 
water as a mineral source, and the precipitation of trace metals which occurred 
with fully- defined LMM were considered unsatisfactory. The use of semi­
defined LMM formulated with distilled water, supplemented with nitrogen, 
carbon, phosphate and magnesium nutrient sources only, was considered 
unsuitable because the apparent growth limitation for S. thermonitrificans in 
minimal medium was unidentified. The choice of tap water as a medium 
component was originally based on large-scale process economics (which was 
also the reason for the initiation of the investigation - the potential of a process 
with a reduced cooling requirement). The decision to use distilled water-based 
media did not change the ultimate project aim. Instead it would broaden the 
investigation, allowing rigorous physiological investigation of the growth of S. 
thermonitrificans, with which a potential large-scale process could be 
optimised. At a later date, it is feasible that a tap water-based medium, or a
complex medium could be used in the efficient production of a specified 
recombinant product on a production scale.
3.6.1. The Effect of Variation in Medium Component Concentration on Growth 
in Evans Medium
Evans medium circumvents the precipitation of trace metal/and medium 
components by the use of citric acid as a chelator and medium components 
which are compatible on sterilization. (In retrospect, the use of citric acid as a 
chelator for LM M  may have alleviated component precipitation). According to 
data presented in Chapter 4 and the classification tables of Williams eta l., 
1982,S. thermonitrificans is unable to utilise citric acid as a carbon source, 
and, if used, would not influence carbon conversion observations. It was also 
noted that mass balancing would be complicated by the background of residual 
carbon due to the chelator (12 millimoles, 6%  of the carbon for a 6g.l'1 glucose 
medium). However, if necessary, analysis of culture supernatants by HPLC 
could supply data for this correction.
The effect on growth of a variation in the concentration of each component of 
Evans medium was investigated in a matrix experiment. Flasks were cultivated 
for 48 hours, using the following criteria;
i) absence of a component,
ii) half the final concentration described for a component in Evans medium
iii) final concentration described for a component in Evans medium (marked 
with an asterisk, *)
From the results presented in Table 3.4, it was concluded that sulphate, 
calcium, magnesium and potassium were apparently growth-limiting 
substrates. Phosphate and nitrogen were limiting for growth at concentrations 
below half that specified for Evans medium. Additionally, the absence of trace 
metals did not prevent growth, but their inclusion resulted in biomass 
concentrations which were greater than in their absence. This was postulated 
to be the result of contaminants in the stocks of other medium components 
which satisfied some of the trace metal requirements. Finally, molybdate was 
found to have no detectable influence on growth in these conditions.
It may be inferred that sulphate, calcium, magnesium, and potassium are 
limiting for growth at these concentrations. However experiments in which 
these specific components were supplied at concentrations twice and three 
times that specified for Evans medium surprisingly did not result in greater final 
concentrations of biomass.
Table 3.4 Influence of the Concentration of Individual Medium Components in 
Evans Defined Medium for Growth of S. thermonitrificans (15 g.1-1 glucose 
concentration).
Compcnanl Concentration----------------- -Final Biomass
In H i
Nitrogen (N H 4CI)
II
It
Zero  
50 mM 
*100 mM
i
/
0.21 +/- 0.08  
1.67 + /-0 .5 0  
1.63 + /-0 .7 7
Phosphate (K H 2P O 4) Zero  
5 mM  
*10 mM
0.39 + /-0 .1 0  
1.60 + /-0 .3 4  
1.66  + / - 0.10
Magnesium (MgCfe) Zero  
0.6 mM 
*1 .2  mM
0.37 +/- 0.05  
0.67 + /-0 .1 2  
1.75 +/- 0.35
Potassium (KCI)
•1
11
Zero  
5 mM  
*10 mM
0.78 + /-0 .1 0  
1.03 + /-0 .0 8  
1.89 + /-0 .1 8
Sulphate (N a2SC>4)
11
11
Zero  
1 mM  
*2 mM
0.77 + /-0 .1 4  
0.69 +/- 0.02  
1.44 + /-0 .2 0
Calcium (C aC l2)
11
11
Zero  
0.01 mM  
*0 .02  mM
0.61 + /-0 .1 7  
0.61 + /-0 .1 5  
1.49 + /-0 .2 2
Trace Metals  
(listed in Materials
Zero  
*5  ml.h1
0.90 +/- 0.08  
1 .2 0 + /-0 .1 3
and Methods)
Molybdate (N aM o 0 4 ) Zero  
*0.1 nM
2.09 +/- 0.24  
1.93 + /-0 .2 0
(final biomass concentrations of between 1.7 and 2.2 g .H  were observed 
following growth for 48 hours). The apparent insensitivity of the dry weight of S. 
thermonitrificans to greater concentrations of sulphate, calcium, magnesium 
and phosphate was suspected to be partially related to the pelleted broth 
morphology. It was therefore decided to adopt the concentrations of these 
components specified for use in Evans medium, with the option of re-optimising 
the medium composition at a later stage. j
If this aspect of the project had been pursued, following the achievement of 
filamentous broths in a stirred tank bioreactor, further optimisation the medium 
composition could usefully have been carried out. The calcium, potassium, 
sulphate and magnesium concentrations could then have been varied and the 
effects observed independently of the pellet growth-form. However, the 
approach eventually adopted at a later date, was to optimise the glucose 
concentration for growth of S. thermonitrificans on the modified Evans medium 
(see 3.8.1).
3.6.2 Developm ent of S. thermonitrificans Minimal Medium (579 MM)
From the results in 3.6., a defined S. thermonitrificans medium (579M M) was 
developed. Major variations from Evans medium were; a reduced nitrogen 
concentration (100 mM to 50 mM), potential reduction in phosphate 
concentration (10 mM to 3 mM if required) and absence of molybdate. A 
phosphate concentration of 3 mM was identified as the lowest concentration 
coincident with biomass concentrations of 2 g.l-1 (analysis showed that 
phosphate concentrations decreased by 2 mM with respect to initial 
concentrations following growth to a maximum biomass concentration of 
around 2 g .l'1). Phosphate is implicated as a key regulatory nutrient in a wide 
range of pathways involved in secondary metabolism (Martin, 1989). For this 
reason it was considered important to be able to manipulate the medium to 
obtain low initial phosphate concentrations for later possible use in a system for 
expressing biosynthetic pathways of secondary metabolism. Assays of residual 
nitrogen and residual phosphate following a normal flask fermentation, showed 
that these nutrients were in excess of the requirements for growth. Glucose 
was retained as a carbon source at 15 g .H  (83 mM) this concentration was 
optimised at a later date.
3.7 Development of Defined Inocula \
Following the identification of a defined medium, suitable for implementing the 
project strategy, the specific requirements for 7 litre fermenter-scale cultivation 
could be addressed. It was desirable to have mycelium which had not been
subjected to nutrient shift-down from a medium rich in amino acid sources, to 
one poor in these nitrogen sources. In addition it was desirable to have 
inoculum which had been adapted for growth on glucose as a carbon source.
"Shift-down" from rich medium to defined medium has been shown to induce 
the stringent response in Streptomyces (Ochi, 1986: Strauch e ta l., 1991) and 
is discussed in more detail in Section 1.7. The avoidance d  a nutrient "shift- 
down" was considered important during inoculum preparation. For S. 
coelicolor, an apparent growth-associated production of actinorhodin has been 
reported on defined medium (Vining and Doull, 1988). Inoculum for this work 
was initially developed on complex medium, then washed and transferred to 
semi-defined medium. Presumably a stress response which includes the 
stringent response is induced, together with actinorhodin production, by this 
shift down in nutrient quality. The work was repeated using pre-germinated 
spores and non-growth associated actinorhodin production kinetics were 
observed, illustrating the importance of the inoculum development procedure 
for subsequent growth and product formation (Doull and Vining, 1990).
3.7.1 Pre-aermination of Scores of S. thermonitrificans for Subsequent 
Growth on 579M M
Spores of S. thermonitrificans failed to germinate in defined medium, possibly 
due to lack of sufficient calcium, or to the presence of a germination inhibitor 
(section 3 .2 .2). The spore pre-germination method developed by D. Hodgson 
was therefore tested (Hopwood et al, 1985). It was hoped that pre-germinated 
spores would continue growth on 579M M . The method involves an initial heat 
shock at 5 5 °C  for 10 minutes and subsequent incubation in a yeast extract- 
based medium supplemented with calcium ions, for 2-3 hours. Pre-germination 
was carried out for two spore samples with an initial concentration of 108 
spores per ml, incubating for 2 and 3 hours in a complex medium after heat 
shock. The spore numbers in both samples of pre-germinated spores were 
counted both before and after a freezing step, using the spore count method 
described in Section 2.7.5. This test of spore viability subsequent to storage at 
-20°C, was to ensure that the pre-germination technique would be suitable for 
preparation of spores in advance of cultivation. Spores were inoculated into 
579MM at a  constant final spore concentration of 5x10^ per ml, whilst non­
pregerminated spores were inoculated to a final concentration of 5x10^ per ml. 
Results are presented in Table 3.5. \
Biomass concentrations of around 2g.M were obtained using pre-germinated 
spores (Table 3 .5). This spore pre-germination method was therefore suitable 
for use with S. thermonitrificans. Elevated levels of non-pregerminated spore
inocula did not overcome the postulated germination inhibition (see table). In 
cultures inoculated from non-pregerminated spores, probably a small number 
of spores germinate in an asynchronous manner, leading to a low inoculum 
concentration and hence unacceptable growth dynamics and low final biomass 
concentrations. After freezing, spore viability decreased only slightly, and 
therefore the viability of pre-germinated spores, following freezing, was 
adequate. A disadvantage of pre-germinated spores was tjfiat, in contrast to 
non-pregerminated spores, they had undergone a nutrient shift for two hours. 
However this was considered unavoidable.
3.8 Optimisation of Growth in 579M M  using Defined Inocula
Defined inocula (3.7) and medium (3.6) had been developed. The optimisation 
of growth conditions using these techniques was therefore a natural 
progression. Initially this entailed investigating the influence of glucose and the 
concentration of pre-germinated spore inocula on growth.
3.8.1 The Influence of Glucose Concentrations in 579MM on Growth of S. 
thermonitrificans
Media were prepared with glucose concentrations listed in Table 3.6 and 
inoculated with a high pre-germinated spore inoculum (5 x 106 mM final 
concentration). The experiment was terminated after 30 hours of growth, when 
there was no residual glucose in flasks which had initially contained 3 g.l-1 
glucose. Residual glucose concentrations before and after growth were 
determined using the glucose oxidase method in duplicate, and used to 
calculate the yield Y xs (i-e. the ratio of biomass concentration to glucose 
depletion from the medium). Flasks were prepared in duplicate, sampled in 
triplicate, and the experiment repeated.
The results shown in Table 3.6 suggested that the growth efficiency might be 
influenced by the concentration of glucose. Initially it was thought most 
probable that high glucose concentrations resulted in a toxic influence on 
growth. However, it was also noted that flasks with relatively high glucose 
concentrations gave broths with pellets of much greater density and 
heterogeneity than those of lower glucose concentrations. Broths with the 
most loosley-packed, open-meshed pellets were those of 3 g.l"1 glucose 
concentration. \
Aspergillus nidulans colony growth rate on solid substrate is linear with respect 
to the log of the initial glucose concentration. The frequency of branching of 
the mycelium is also influenced by growth rate (Trinci ,1969). Growth rate in S.
hygroscopicus has been shown to influence the branching frequency and rate 
of apical extension in continuous culture (Riesenberg, 1979; Kretschmer,
1981). By extrapolation to S. thermonitrificans„ it is postulated that glucose, in 
potentially influencing the growth rate, may simultaneously influence mycelial 
morphology by increasing the mycelial branching frequency in conditions of 
high initial glucose concentrations. The lower initial growth rates which are 
postulated to occur with low initial glucose concentrations r#iay contribute to 
more efficient carbon conversion efficiencies (possibly enhanced by more 
open-meshed pellets). This greater efficiency might occur by reducing the 
influence of cube root and diffusion-limited kinetics on overall growth kinetics. 
The increase in efficiency would occur as a result of the larger proportion of 
actively growing biomass and smaller proportion of mycelia which would not be 
contributing to de novo growth, but would require energy for the maintenance 
of viability. In order to test this hypothesis, methods for quantifying the growth 
rate of pellets early in their formation would be required together with image 
analysis techniques for the investigation of hyphal arrangement and 
quantitation of the branching frequency and values for the hyphal growth unit. 
An equally valid explanation for the results shown in table 3.6 could be that 
glucose was toxic to the growth of S. thermonitrificans at concentrations of 
15g.h1 and above.
It had been noted previously that biomass limits were achieved which were 
independent of the residual glucose concentration in cultures grown on semi­
defined LMM (3.2.3). In this case it was postulated that a biomass 
concentration limit was attained; due to either a limiting factor in the medium or 
mycelium, or due to the pelletted morphological growth form (3.4.0). The 
inefficiency is now postulated to be partly related to a high initial glucose 
concentration (described above). From the results presented in section 3.8.1, a 
glucose concentration of 6 g .l'1 was chosen as a suitable concentration for 
general use in 579M M . For high inoculum concentrations (5 x 105 spores m l'1 
final concentration) in flasks, then 6 g.l"1 glucose may be utilized at a rate 
giving a  reasonable carbon conversion efficiency. Final biomass 
concentrations with initial glucose concentrations of 6 gM are sufficient to 
enable the determination of relatively sensitive, accurate values for dry weight.
3.8.2 The Differences in Carbon Conversion Efficiencies Between Different 
Growth Conditions ;
i
\
Differences in carbon conversion efficiency were manifested as variations in 
yield of biomass per gram glucose substrate with differences in initial glucose 
concentrations (3 .8.1). Possible reasons for these differences are;
Table 3.5 Pre-germination of spores of S. thermonitrificans, and the influence 75 
on growth in 579M M . (Means of six determinations, from duplicate 
experiments.)
vanaDie
Defrosted spores no pre-germination
_ viaoie SDores mi-' 
76 ( / / -  3) x 106
Spores pre-germ inated for 2 hours 83 (+/- 5) x 106
Spores pre-germ inated for 3 hours 94 (+ /-1 7 ) x 10 6
Spores pre-germ inated for 2 hours (frozen ) 12 (+/- 2) x 106
Spores pre-germ inated for 3 hours (frozen ) 13 (+/- 5) X 106
Submeraed Cultivation in 579M M Biomass g.M
Defrosted spores (no pre-germination 5 x 106/ml) 0 .45 (+/- 0.15)
Spores pre-germ inated for 2 hours (frozen ) 1.95 (+ /-0 .3 5 )
Spores pre-germ inated for 3 hours (frozen ) 1.88 (+/- 0.20)
Table 3.6 The Influence of Initial Glucose Concentration on Yield.
Mean values for glucose concentrations are presented. Initial biomass
concentrations (pre-germinated spores) were negligible. 'S' is the
concentration of glucose depleted from the medium to achieve the final
biomass concentration.
Glucose Concentration (a .H )
Initial Final (S I Final Biomass Concentration (x) Yield M s )
_________________________ ______________________ g.g Glucose:
3.0 0 .0 3 .0 1.47 (+/- 0.14) 0.49
7.5 1.4 6.1 2.99 (+/- 0.06) 0.49
15 6 9.0 3.25 (+/- 0.07) 0.36
30 21 9.0 3.46 (+ /-0 .1 5 ) 0.38
\
1. Glucose could have been used as source of energy for conversion to 
storage molecules, such as polysaccharide or polyhydroxybutyrate (Kannan 
and Rehacek, 1970). This would lead to apparently inefficient growth.
However, this possibility was easily negated. Biomass from a flask 
fermentation with an initial glucose concentration of 15 g .H , following growth 
for 84 hours at 45°C  was washed and transferred to minimal medium lacking 
exogenous carbon and energy sources. No further detectable growth 
occurred, suggesting that energy storage on a large scale did not occur.
2. A form of shunt or "overflow" metabolism, as described by Neijssel and 
Tempest could have occurred, resulting in the excretion of carbon in the form 
of overflow products such as acetate (Neijssel and Tempest, 1986). This would 
also result in apparently inefficient growth. However, this second possibility 
was negated following the completion of mass balanced fermentations 
(described in Chapter 5) for which all carbon could be accounted. Although 
only fermentations with initial glucose concentrations of 3 g.M are presented in 
Chapter 5, duplicate fermentations with initial glucose concentrations of 6 g.M  
and a single fermentation with initial glucose concentration of 12 g.M were also 
carried out and all carbon successfully accounted.
3. There could be 2 or more active isoenzymes of glucose kinase having 
different Km and efficiencies for glucose uptake. In this case it could be 
possible that the efficient uptake of glucose occurs at low glucose 
concentrations. This possibility could not be investigated easily, and detailed 
investigation was beyond the scope of the project. Very little research has been 
carried out on transport systems in Streptom yces.
4. Glucose in high concentrations may be partially toxic to growth of S. 
thermonitrificans. Unfortunately this possibility could not be tested, however, 
the avoidance of high glucose concentrations in media would pre-empt an 
influence of this type, on growth.
5. Glucose concentration might influence morphology and/or growth rate, so 
that higher total energy drains to maintenance would occur with high initial 
glucose concentrations, coincident with a longer fermentation.
It has been reported that in continuous culture of Fusarium graminearum  and 
in S. hygroscopicus the hyphal growth unit and the branching frequency are 
influenced by growth rate (discussed in the Introduction, Trinci ,1990; 
Kretschmer, 1981). In addition work in Chapter 4 describes the determination 
of an approximate maintenance coefficient for S. thermonitrificans. The  
approximate value for the maintenance coefficient (0.47 millimoles glucose, g
dry weight -1. h-1) is compatible with an explanation incorporating energy drains 
for maintenance in S. thermonitrificans to explain inefficient carbon conversion 
following extended periods of growth.
3.8.3 The Influence of Inoculum Spore Concentration on Final Biomass 
Concentration in 579M M  Containing 6 g .M  Glucose
In designing this experiment, it was recognised that low spore concentrations 
could only be obtained by serial dilution to low concentrations and high spore 
concentrations would use a large proportion of the pre-germinated spore 
stocks. The former was known to give low final biomass concentrations, and 
the latter condition was impractical for general use. It was therefore conducted 
using a small number of closely related values for spore concentration, 
conditions which were experimentally applicable, results are shown in Table 
3.7.
The results were plotted semi-logarithmically (Figure 3.9). They suggested that 
a logarithmic relationship between the spore concentration and final biomass 
concentration might exist for the spore concentrations used in this experiment.
In addition, there were differences in the intra-pellet hyphal density between the 
higher inocula concentrations (with a greater quantity of pellets with an 
apparently more open hyphal network) and lower inocula concentrations, (a 
smaller quantity of larger pellets with greater apparent hyphal network density), 
judged visually and microscopically. It would appear that for 106 spores per ml 
medium, each spore contributes less to the final biomass concentration than for 
each spore at a concentration of 104 spores per ml. A possible explanation for 
this result may be that, as a result of the greater spore concentration at 106 ml, 
then the initial glucose depletion rates would be faster, and the lag phase 
would be shorter. Therefore, a limitation in carbon substrate would be achieved 
earlier into the fermentation. The faster fermentation (with a the higher spore 
concentration) could have a smaller energy drain for maintenance; alternatively 
the more-rapid glucose utilisation rate may mediate in morphological responses 
favourable for an efficient carbon conversion efficiency. Therefore, this result 
may reflect the influence of a specific ratio of inoculum to substrate which 
influences carbon conversion efficiency and/or the intra-pellet hyphal network 
density. A similar logarithmic relationship between spore inoculum and final 
biomass concentration was observed for S. coeiicolor usintj spore 
concentrations between 104 and 107 spores ml-1 (Hobbs etxal., 1990).
The demand for spore inocula of this concentration for use in large-volume 
experiments could not be satisfied without massive stocks of pre-germinated 
spores. Therefore, an additional step was incorporated into the inoculum
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Table 3.7 The Effect of Inoculum Spore Concentration on 
Final Biomass Concentration in 579MM containing 6 g.l"1 
glucose
Final Final
Spore Biomass Concentration
Concentration
(ml medium)'1 (g.l1)
6 x 1 0 *4 0.84 (+/- 0.07)
3 x 1 0 '5 1.54 (+ /-0 .28)
6 x 1 0 '5 1.86 (+/- 0.07)
2x10* 6 2.87 (+ /-0 .07)
3
RA2 = 0.950
2
1
0
4 5 6 7
Log Spore Concentration
Figure 3.9 Semi-logarithmic Plot of 
Spore Inoculum Number against final 
Biomass Concentration subjected to 
Linear Regression
development procedure. This later step enabled the use of high concentrations 79 
of potential sources of apical hyphae in the form of fragmented mycelia 
(described in section 3.12.0).
3.9 Ferm enter Growth using 579M M  and Defined Inoculum
A fermentation in a 9 litre maximum volume Bioengineering fermenter with 7 
litres of 579M M  was sterilized in s itu . Glucose, to 6 g.M (33 mM) and 10 mM 
phosphate was added post sterilization. The inoculum consisted of a 10% (v/v) 
ratio of mycelia, pre-grown in 579M M  using pre-germinated spores. However 
final biomass concentrations were no higher than 1 g.M following 56 hours of 
cultivation. This did not compare favourably with results obtained in flask 
culture on the same medium containing 6 g.M glucose. Figure 3.10. In 
addition, the mycelial morphology was in the form of large, dense mycelial 
pellets, approximately 2-3 mm in diameter Figure 3.11.
The final biomass concentrations were consistent with those obtained 
previously in the Bioengineering fermenter using inoculum pre-germinated in 
TSB and grown in semi-defined LMM. For this previous fermentation, a yield of 
0.19 g.g glucose-1 (see Figure 3.6) was obtained.
For Figure 3.9; Yield = 1.15 = 0.19 g biomass.g glucose^
6
In the fermentation shown in Figure 3.10, the yield was consistent with the 
previous fermentation shown in Figure 3.6. Because mycelial inoculum was in 
the form of pellets initially formed by growth in flasks, the number of potential 
apical hyphae in the inoculum was low, and probably contributed to the slow, 
inefficient growth kinetics. These low yields of biomass with respect to glucose 
depletion were coincident with (apparently) high, intra-pellet hyphal network 
densities.
3.9.1 Aeration. Agitation and Shear in Fermenter Cultivation
Fermenter aeration using Rushton turbine impellers, baffles and sparger- 
aeration provides a high aeration efficiency with respect to power input, and is 
a preferred aeration method for highly aerophilic fermentatijpns. However, airlift 
fermenters, or fermenters with propeller or modified impellers are more suited 
to shear-sensitive organisms. Under normal conditions, S. thermonitrificans 
would not be considered shear-sensitive, however the design of the 
Bioengineering ferm enter is such that a long, small diameter vessel is fitted 
with 4 baffles with sharp edges. As a result of this aspect, the ratio of shear
80
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F igure  3 .10  Growth Curve of Biomass Accretion, Glucose Utilisation, 
and Phosphate Utilisation for S.thermonitrificans grown with Sparged 
Aeration in the Bioengineering Fermenter.
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F igure  3.11 Photograph of the periphery of a single pellet of
S.tfiermonitrificans grown in the conditions described for Figure 3.10 for 30 
hours.
(Phase Contrast Photomicrography, 312x Magnification)
stress to superficial air velocity (a specific term describing the aeration rate in 8 1 
terms of vessel configuration) is postulated to be high.
3.9.2 Aeration of Streptomyces Cultures
Scale-up according to impeller-tip speed has been proposed for cultures of 
Streptomyces and shear sensitive organisms (Steel and Maxon, 1978;
Nlenow, 1990), in place of scale-up on the basis of a constant power input or 
aeration efficiency (for description of these principles see a Biochemical 
Engineering text such as Bailey and Ollis, 1986). This implies that consistency 
between growth conditions for Streptomyces is more easily attained on the 
basis of a  constant shear stress rather than constant agitation or aeration rates.
A modified impeller has been designed for cultures of Streptomyces, and 
provides even mixing and a relatively low shear stress in relation to the 
aeration efficiency (Steel and Maxon, described in the review by Bushell,1988).
In section 3 .4 .4 , it was suggested that excessive shear stress during growth 
was potentially deleterious to the growth of S. thermonitrificans. Therefore an 
approach was taken to lower the shear stress during growth by a change in the 
fermenter aeration regime. A change in the overall configuration of the 
Bioengineering ferm enter for growth of S. thermonitrificans was not feasible; 
but vortex aeration was considered a suitable alternative.
This is a relatively low-shear cultivation method in comparison with 
conventional sparged aeration regimes (G. T. Banks, personal communication).
It is a relatively inefficient mode of aeration (in terms of power input), relying on 
gaseous entrainment via the development of a vortex at a  turbine impeller. For 
the Bioengineering vessel, it required the removal of the sparger and baffle 
cage, together with the supply of air to the head of the vessel. Agitation was 
increased to a value at which the vortex reached the first impeller in the vessel 
- 700 rpm. Growth curves depicting growth in the 9 I Bioengineering using 
vortex aeration are presented in Figure 3.12.
Final biomass concentrations using this aeration method reached 1.5 g.M at 
700 rpm for a glucose concentration of 6 g.M and the overall morphology of 
mycelium was improved.
Yield = 1.5 g biomass = 0.25 a biomass.q glucose^  
_______________________ 6 g glucose ______________________________________ _
Microscopic analysis of morphology after 24 hours of cultivation showed a  form 
which was indistinguishable from the mycelial morphology observed with 
fermentations on the complex medium, TSB. Initially, in the vortex-aerated
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Figure 3.12 Growth Curve of Biomass Accretion 
and Glucose Utilisation for S. thermonitrificans, 
Grown With Vortex Aeration in a Stirred Tank 
Reactor.
fermentation using 579M M , the broth was composed of small pellets. However 
these had fragmented at 20 hours of cultivation, at which time the mycelium 
could be observed to be in the form of filamentous mats. In later fermentations 
using this aeration method the dissolved oxygen concentration was shown to 
drop to zero at about 24 hours post inoculation, contrasting with the 
fermentations described with sparger aeration (see 3.2.3). ^This suggested that 
the growth rate at this point in the fermentation was limitecfby the rate of supply 
of oxygen rather than due to an intra-hyphal diffusional resistance which was 
postulated to occur for the fermentations described in 3.2.3. In addition, the 
use of antifoams is not necessary in vortex-aerated fermentations, owing to the 
surface characteristics of the vortex, which disperse foam by entrainment. 
Foaming, during cultivation of S. thermonitrificans using sparger aeration, was 
found to be severe during the later stages of growth. Antifoam (polypropylene 
glycol) at a minimum of 0 .1%  (v/v) was essential in these conditions to prevent 
foam-over, and loss of the vessel contents through the exit air line. Water- 
immiscible antifoams result in heterogeneous media, which complicate analysis 
of total organic carbon in supernates. Therefore the absence of an antifoam 
requirement was an additional advantage to the vortex aeration method. It was 
used for all subsequent fermentations. Ideally the two aeration regimes 
(sparger and vortex aeration), should have been compared on the basis of the 
volumetric transfer coefficient K|_a. However this was considered to be beyond 
the scope of the project.
For all experimental results and observations in cases of increased shear 
stress during cultivation, it was maintained that increase in shear stress in both 
flasks and the aeration regimes used in the fermenters would also increase the 
rate of oxygen transfer to the medium during cultivation. On the basis of a 
recent review, it is now thought that the increase in oxygen transfer rate as a 
result of cases of increased shear in cultivation is a major influence in the 
formation of pelletted broths of S. thermonitrificans , and not increased shear 
as had been postulated to this point in the project (Braun and Lifshitz, 1991). 
Hence the reduction in the rate of oxygen transfer, predicted to occur for vortex 
aeration at a specific agitation rate in comparison with sparger aeration, is now 
thought to be the major reason for the alleviation in pellet morphology, by a 
growth rate-m ediated effect.
3.10 A Modified Inoculum Development Procedure for U s^on a Ferments! 
Scale and In Large Matrix Experiments
The use of pre-germinated spores for 7 litre fermentations was considered 
impractical because of the excessively large numbers of spores required. 
Additionally, a 10%  (v/v) mycelial inoculum pregrown in 579M M  from pre-
germinated spores was unsuitable (see 3.11.0). The use of very high 
percentage inoculum ratios by using mycelial biomass concentrations greater 
than 10%  (v/v), may have been appropriate, but fermentations with high 
concentrations of mycelial inocula have to be interpreted with care. If high 
biomass concentrations are used then the inoculum development procedures 
adopted may have a greater influence on subsequent grov^th, than the growth 
variables operable in the fermenter. Therefore, an alternative inoculum, which 
retains a high concentration of potential apical hyphae, with a low concentration 
of biomass was required.
Homogenisation of mycelial inoculum using a hand homogeniser was found to 
alleviate the combination of low final biomass concentrations and dense inter­
pellet hyphal morphology when the fragmented mycelial inoculum was used in 
flask cultivation. The optimisation of mycelial fragmentation was therefore 
carried out. A washed, 30-hour culture of S. thermonitrificans, pre-grown on 
579M M  using pre-germinated spores was resuspended in a 10 % (v/v) ratio of 
579M M  with 10m M phosphate and 6 g.M glucose. The mycelial paste was 
aliquoted into two 30 ml centrifuge tubes and 5 g of 100 mesh glass beads 
added (1 ml paste to 1g beads). The tubes were agitated using a vortex mixer 
(maximum setting) for a total of 30 minutes, cooling on ice for 20 seconds each 
minute. Sam ples were taken at discrete time points in triplicate, plated onto 
solid medium and incubated. A value for the colony forming unit ratio per ml 
original culture broth was calculated from the counts obtained per plate, shown 
in Table 3.8.
For increasing periods of vortex agitation, the number of viable colony forming 
units increased, with an agitation period beyond which units did not maintain 
viability. An inoculum development procedure, described in Figure 3.12 was 
adopted, based on these results. Inocula gave consistent results in flask trials 
and mycelial viability, following storage at -70°C , was maintained for at least 
one month using this technique. For each series of fermentations, inocula 
were prepared in advance according to this procedure.
3.10.1 Optimisation of the Fragmented Mvcelial Inoculum Concentration
It was necessary to identify a suitable concentration of mycelial inoculum for 
use in large-scale cultivation. Fragmented mycelium was u |e d  at the final 
concentrations listed in Table 3.9. In each experiment, flasks were inoculated 
in triplicate, pooled, 6-8 samples were taken for each variable and the 
experiment repeated. These results indicated that fragmented inoculum 
concentrations of around 1-2%  (v/v) were adequate to achieve biomass 
concentrations of around 2 g.M in flask cultures. Fragmented inoculum
Table 3.8 The Response of S. thermonitrificans to Shear Stress Shown by the 
Viability of Colony forming Units ( W s ) .  Means of the duplicated, samples 
taken in triplicate are presented.
Vortex Tim e Colonv tormina units/ml original
culture volume
O seconds
f
Not determined
30 seconds 644 +/- 98
1 minute 640 +/- 52
2 minutes 696 +/- 84
3 minutes 652 +/- 64
4 minutes 676 + /-4 0
8 minutes 668 +/- 168
10 minutes 1 1 1 6 + /-3 9
14 minutes 1 0 4 4 + /- 160
20 minutes 2168 +/- 600
24 minutes No growth
30 minutes No growth
Figure 3.13 Mycelial Inoculum Development Procedure
Inoculate 400  ml of 579M M  (6 gl_1 , 33 mM glucose, 10 or 3 mM phosphate) 
with pre-germinated spores at a concentration of 5 x 105 ml-1 final
concentration of spores.
Harvest mycelium, wash and resuspend in 579M M , in 10% v/v of the original
volume.
Add 1 g.ml-1 100 mesh glass beads, and agitate using a vortex mixer for 20  
minutes, cooling on ice every 1-2 minutes. Sample and plate onto solid 
medium and into 3 ml L broth cultures to check for sterility.
I
Aliquot fragmented mycelium into 6 vials and freeze at -70°C .
Table 3.9 The Influence of Mycelial Inoculum Concentration on Final Biomass 
Concentration. Means values are presented. The value for corrected biomass 
concentration is the final biomass concentration from each flask minus the 
mass of biomass introduced in the inoculum (fragmented mycelium at a 
concentration of 2 g .I-1)
Inoculum Concentration Final Biomass C orseted  Final Biomass
(v/vl Concentration (a .I'1) JConcftnlratioQ (g.i-1)
0.5% 1.64 (+/- .20) 1.63
1% 2.29 (+/- 0.16) 2.27
2% 2.45 (+/- 0.12) 2.41
5% 2.10 (+/- 0.20) 2.00
10% 2.17  (+/- 0.64) 1.97) Lysis was
apparent in these
50% 2.20 (+/- 0.31) 1.0 ) cultures
100% Complete lysis of culture
concentrations greater than 2%  (v/v) did not appear to increase final biomass 
concentrations. Values higher than 2%  (v/v) resulted in culture lysis within 48h, 
probably as a consequence of initially rapid growth rates, leading to a 
premature death phase. Lysis was detected easily by the refractory filtration 
shown by lysed cultures (glass fibre paper and high vacuum are required) and 
the gel layer which formed on the surface of glass fibre paper following filtration 
of these cultures. f
Inoculum values of 0.5% (v/v) showed considerably reduced levels of biomass, 
suggesting that inoculum levels below 1 %(v/v) were unsatisfactory to achieve 
maximum final biomass concentrations in flasks. This result also implies that a 
minimum level of point source inoculum is provided in a 1 to 2%  (v/v) inoculum 
volume. Although initial growth rates may be increased (according to 
qualitative, visual examination during growth) using inoculum concentrations of 
10% (v/v), the endpoint biomass concentration was relatively unchanged 
compared to lower inoculum concentrations. Biomass levels above 10% (v/v) 
would not be suitable for use as inocula due to the rapid lysis observed.
These results identified that a 1% (v/v) inoculum volume was adequate and 
would not preclude the attainment of maximum levels of biomass of around 2 
g.M in flasks. The use of this mycelial inoculum concentration was therefore 
adopted for the final inoculum development strategy. This is described in the 
flow chart, Figure 3.13.
3.11 Final conclusions for this Chapter
This chapter has described some of the experiments which have been used to 
gain further insight into the growth characteristics ofS. thermonitrificans. 
Inoculum development procedures, both for spore and mycelial inocula, have 
been developed which give reproducible, high concentrations of viable inocula. 
In addition, these inocula have not been subjected to nutrient shift down during 
development. The development of a fully-defined minimal medium, 579M M , 
based on a previously-reported medium has been described. This medium 
enables growth to suitable biomass concentrations (2 g .M ) both in flask and 
fermenter, and contains nitrogen and phosphate at non-limiting concentrations 
which are suitable for manipulation within a narrow range, for possible use in 
the expression of a product from a secondary metabolic biosynthetic pathway. 
Finally, optimisation of growth parameters for the requirements of the project, 
primarily inoculum and glucose concentration together with a fermenter 
modification permit filamentous mycelial growth of S. thermonitrificans in a 7 
litre Bioengineering stirred tank reactor.
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4.1 Introduction
Following the development of fermentation techniques which would allow an 
accurate assessment of microbial growth in defined conditions, it was 
considered desirable that a basic understanding of the physiology of S. 
thermonitrificans was developed. This would enable identification of areas and 
means by which a potential fermentation process could be optimised.
4.2 Qualitative Description of Batch and Continuous Microbial Culture
4.2.1 Batch Culture Microbial cells are commonly grown in batch culture; a 
semi-closed system in which mass may be exchanged freely by gaseous 
exchange, but solid and liquid component exchange is restricted. In simple 
batch culture the growth rate of exponentially-growing biomass tends towards 
zero as a nutrient limitation occurs. As a result, conditions in batch culture are 
continuously transient. The dynamic description of batch culture which follows 
below is a simplified, typical interpretation of a microbial fermentation. For a 
detailed account of the dynamics of microbial growth and cell composition in 
batch culture, a recent review is recommended (Wanner and Egli, 1990).
Lag phase. Following inoculation a period of slow growth is observed, 
commonly called the lag phase. This period of slow growth may be a result of 
the inoculum requiring to adapt to the new environment. It is particularly 
apparent if the inoculum has been prepared in medium with different 
composition to that of the growth medium, or has been chilled or frozen before 
use.
Exponential phase; this phase is defined as a period during which the growth 
rate of the population increases. Following adaptation to the new environment, 
cell growth rate increases to a maximum, when, under normal conditions, cell 
number, cell dry weight, intracellular DNA, RNA and protein are assumed to 
increase exponentially. All essential nutrients required for growth are present 
in excess such that the culture grows at the maximum specific growth rate. 
During this phase it is assumed that growth is governed by a factor intrinsic to 
the cell. Conditions are transient, as nutrients are depleted and products are 
produced and excreted, continually altering extracellular concentrations. It is 
common for species with high maximum specific growth rates and high oxygen 
requirements to reach a growth rate limit determined by the rate of oxygen 
supply to the medium. This is particularly evident in cultures with the potential 
to achieve high biomass concentrations, and as a consequence high oxygen
demand. In the case where the oxygen becomes limiting then the culture will 89
continue to grow, but at a decreasing rate, determined by the method of 
oxygen supply. As the biomass concentration increases, the growth rate of 
the culture decreases. This is illustrated below:-
As dx. = f ix  (assuming Monod growth kinetics 
dt where dx/dt is the rate of change of
biomass concentration, x is the 
biomass concentration and (i the 
specific growth rate)
As the culture growth rate dx/dt is determined by the rate of oxygen supply, 
which is constant, then with increasing biomass concentration, the specific 
growth rate |i must decrease.
Stationary phase; This is defined as a period during which the proportion of 
actively growing species in the population declines. As mineral and carbon 
sources near exhaustion and products are continually excreted, then the 
culture enters stationary phase. The growth rate becomes limited by an 
exhausted nutrient, or growth inhibition occurs as a result of product 
accumulation. When an essential specific nutrient becomes limiting, the 
potential for de novo increase in cell material is absent. Viable cells in a non­
carbon limited culture require energy for respiration. This is supplied as energy 
obtained by the catabolism of residual carbon substrate, or from the products of 
lysed, non-viable cells, whilst the limited nutrient may be considered to be 
recycled by lysis. No net growth is assumed to occur and the culture is 
described as being in stationary phase. Growth processes are balanced by 
death processes. Storage of energy reserves such as polyhydroxybutyrate may 
typically occur in stationary phase. This is observed in Azotobacter (Senior et 
a l, 1972).
Death phase; This is a period in which the proportion of non-viable cells 
increases to such an extent that death processes predominate over growth. In 
the case of a limiting energy source then continuous turnover of the energy 
source will result in a depletion in cell numbers and dry weight of the biomass 
as a result of both endogenous metabolism (cell turnover), and maintenance 
metabolism (described in detail in Section 4.5). The dynamic situation existing 
in a microbial culture is illustrated in Figure 4.I.
Nutrient limitation can result in conditions of unbalanced growth, typically 
coincident with exponential growth in chemostat culture, or stationary growth 
phase in batch culture. Examples of unbalanced growth are given by
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Escherichia coli in carbon-limited batch culture, in which acetate excretion 91 
occurs (Holms and Bennett, 1971), Klebsiella aerogenes in potassium-limited 
chemostat culture in which acetate excretion occurs (Neijssel and Tempest,
1986) and Erwinia herbicola in carbon-limited chemostat culture in which 
exopolysaccharide production occurs (Linton etal., 1988). In addition, nutrient 
limitation may trigger specific developmental changes in developmentally- 
complex bacteria such as Bacillus or Streptomyces. (Chater, 1984)
4.2.2 Continuous Culture
In contrast to closed (batch) systems of culture, exchange of medium and cells 
occurs in continuous (open) culture systems. Major advantages of continuous 
culture in comparison with batch culture are that growth rate is specified, 
nutrient conditions are constant and experimental variables may be 
manipulated independently. The reason for the defined nature of growth in 
continuous culture is illustrated mathematically by the biomass balance given in 
Figure 4.2.
The technique of continuous culture was proposed by Monod, and 
independently, by Novick and Szilard (all 1950). One system of continuous 
culture relies on maintaining a constant culture volume- the chemostat. This 
consists of a fermenter containing a microbial culture in exponential growth 
continuously fed with medium at a dilution rate less than the specific maximum 
growth rate of the strain. Regardless of the dilution rate of the chemostat, the 
culture is growing exponentially, and hence the Monod model for growth may 
be applied. The medium is supplied at a constant rate and contains all 
nutrients required for growth, of which one is limiting, and the remainder in 
excess. The volume of culture is maintained constant by harvesting culture at 
a rate equal to the influx of fresh medium. Following a transient phase of 
growth the culture enters a steady state, in which the rate of growth balances 
the medium dilution rate. Establishment of a chemostat system for continuous 
culture is described in Section 2.10.5. Biomass balances for both batch and 
continuous processes are described in Figure 4.2.
4.3 Disadvantages relating to the use of Continuous Culture
Aside from the difficulties experienced with filamentous organisms (described 
later), the study of any organism in continuous culture is subject to two major 
drawbacks. Firstly the data obtained and physiological parameters deduced 
are only applicable to the growth system used for the continuous culture 
studies, and cannot be directly translated to batch culture, or fed-batch culture 
(the favoured regimes for large scale production of most microbial products).
Figure 4.2 Setting Biomass Balances 
Batch
At any instant in time, then biomass 
concentration x in volume V, is Vx (g 
biomass. I'1).
Therefore (Vx) = V. rx 
dt
Where rx is the rate of growth of x (g 
biom ass.hr1).
As rx = x. px
where jxx is the specific growth 
rate (h_1)
and |ix = Um Ji (assuming
Ks + S Monod kinetics)
M-max is the maximum specific growth 
rate (h_1), S is the limiting substrate 
concentration (g.M) and Ks is the 
saturation constant (g.M),
dx = }im x 
dt
On integration, this gives 
x = x0 eM-mt
over both Open and Closed systems- 
Continuous
Assuming steady state, then in an 
infinitessimally short time period, dt a 
culture with a specific growth rate p 
(h'1) in a volume V (litres) with an 
influx of medium at a rate F (I.hr1), will 
grow according to the following 
relationship;
V.dx = j l l x  .dt. V - F.x dt
Dividing throughout by dt and V;
dx = [i .x -D . x 
dt
[since D = FJ 
V]
At steady state, dx = 0, 
dt
Therefore \x = D
where D = dilution rate
This implies that the specific growth 
rate of the organism is defined by the 
dilution rate of the continuous culture 
system.
(Assuming the yield coefficient, Yxs 
remains constant and S » K s )
The expression for the biomass 
balance incorporating post 
exponential growth phases results in 
an extremely complex balance 
equation, which may be integrated 
with difficulty;
A range of basic physiological 
parameters for the organism in culture 
may be defined using mathematical 
transformations and experimental 
data, based on the biomass balance 
described above. The derivation of 
the kinetic parameters and constants, 
discussed in detail in Pirt, 1974, are 
very similar to those for the study of 
enzyme kinetics.
-  Urn x.fYxs-SfO) ~ X + X(p)] 
dt Ks Y xs + YxsS(o) - x +x (o)
In contrast, studies undertaken in batch culture can be used to scale-up a 
process for operation on a larger scale. Nevertheless, the values and 
information obtained from continuous culture data are useful for approximation 
in alternative systems using the same organism and for comparison between 
strains. Knowledge based on experience with an organism in continuous 
culture may allow intuitive optimisation of a process using different growth 
conditions by a skilled operator. Continuous culture may be used to make a 
detailed analysis of aspects pertaining to the physiology of an organism, 
described in Pirt (1974) in more detail than is applicable here.
The material balances derived in Figure 4.2 rely on perfect mixing, and on the 
assumption of Monod kinetics.
4.4 The Reason for the Investigation into the Growth Energetics of S. 
thermonitrificans
It has been suggested that microbial energetics, from which the efficiency of 
growth may be judged, should be used to guide the selection of production 
strains (Stouthamer and van Verseveld, 1987). This would enable the 
prediction of maximum growth yields and provide some explanation for the 
influence of culture conditions on productivity. It was considered relatively 
important to have an appreciation of the growth energetics of S. 
thermonitrificans in order to assess whether the growth of this strain at 
elevated temperature was compatible with a potentially efficient antibiotic 
production process.
In an ideal situation, to study any aspect of the energetics of an organism, a 
system of continuous culture must be established. As has been described 
earlier, the physiological study of an organism in continuous culture is far 
preferable to its study during the transient, unsteady states existing in batch 
culture. It has been suggested by Bu'lock (1988) that the power of continuous 
culture in the investigation of key regulatory concepts is not being realised.
This is probably due to the time-consuming nature of continuous culture 
experiments and due to the requirement for rigorous asepsis and genotypically- 
stable cultures. It was considered a high priority to attempt the establishment 
of a system of continuous culture for the study of some aspects of the 
physiology of wild-type S. thermonitrificans.
4.5 Energetic Consequences of Growth at Elevated Temperature
The requirement for maintenance energy to ensure the viability of organisms 
was predicted by Monod in 1942 and described by Pirt (1965). It is known that
the maintenance requirement is a function of temperature (Sonnleitner and 94  
Fiechter, 1983: Wallace and Holmes, 1986). The value assigned to 
maintenance energy is commonly considered to include an endogenous 
metabolism term, although technically, maintenance and endogenous 
metabolism are distinct processes. The maintenance coefficient is correctly 
described as the energy required for processes other than growth, for example, 
maintenance of osmotic, pH and other ionic gradients, the maintenance of cell 
integrity in hostile environments and motility. It is derived from the oxidation of 
substrate. Endogenous metabolism is correctly described as the energy 
derived from the oxidation of cell substance to CO2 (Tempest and Neijssel,
1984). However, maintenance energy and endogenous metabolism will be 
considered together, as their measurement cannot be divorced from each 
other, and the distinction may be regarded as theoretical rather than practical.
The observed increase in maintenance coefficient with temperature leads to 
reduced efficiencies of carbon conversion at elevated temperatures (Esener,
1983: Wallace and Holms, 1986). This may be simplistically explained; as rate 
processes increase with temperature, then degradative reaction rates increase 
proportionally, tending to damage the integrity of intact cells or hyphae. 
Replacement of cellular components at an increased rate is therefore 
necessary at elevated growth temperatures, to counteract the increased rate of 
degradation. In addition, passive processes such as diffusion are also faster at 
elevated temperatures and cellular transport processes therefore require an 
increased supply of energy to compete. However, thermophiles would be 
expected to be structurally adapted to growth at their optimum temperatures, 
and grow more efficiently than mesophiles at the elevated temperatures. Many 
enzymes from thermophilic species are used commercially as a result of their 
thermostability (particularly proteases in 'biological' washing powders).
As temperature has been documented to cause increases in the maintenance 
coefficient, the value of this coefficient would be important in assessing 
whether there would be greater economic advantage for the production of 
antibiotics at elevated temperature. It was realised that maintenance may be a 
large energy drain to the organism for growth at 45°C. However, S. 
thermonitrificans was selected on the basis of an efficient growth performance 
(high final biomass concentration) in comparison with 13 other thermophilic 
Streptomyces from culture collections (3.1) cultured under identical conditions. 
Therefore, it was hoped that the maintenance requirement would be 
reasonably comparable with that of common streptomycete mesophiles. It was 
considered important to assess whether the strain is well-adapted, in terms of 
molar growth yield and the value for the maintenance coefficient for growth at 
these temperatures.
4.6 Continuous Cultivation of S. thermonitrificans
Continuous cultivation was established as described in Section 2.10.5 and a 
single experiment carried out. Conditions and methods for this system were 
established using batch culture and short periods of continuous culture (up to 
48 hours) prior to this experiment. During continuous culture, samples for the 
determination of biomass and residual glucose concentration were collected 
and dilutions in water (from 10‘2 to 10‘9 with respect to the sample) of culture 
broth prepared for plating to single colony forming units. The morphology of 
these colony forming units was noted and any change in the population 
recorded. Fermenter broth samples were also visualised microscopically and 
photographed. Carbon dioxide output was used to confirm the attainment of 
steady state due to the extremely sensitive response to culture perturbations 
which may be observed using this on-line monitoring technique. Glucose 
concentration in the effluent stream was checked and confirmed to be zero for 
all samples. Data from continuous culture are presented in Table 4.1 and 
interpreted in Section 4.8.
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Figure 4.2 Mycelial Morphology for S. 
thermonitrificans in Batch Culture (18 hours) 
(Phase Contrast, 312x Magnification)
jP ■
Figure 4.3 Mycelial Morphology for S. 
thermonitrificans in Continuous Culture (24 hours 
after initiation of inlet flow).
(Phase Contrast, 312x Magnification)
Figure 4.4 Mycelial Morphology for S. 
thermonitrificans in Continuous Culture (50 hours 
after initiation of inlet flow).
(Phase Contrast, 312x Magnification)
Apparent broth morphology; following inoculation, within the first 20 hours of 97  
fermentation, culture growth was in the form of small pellets up to 2-3mm in 
size. However, fragmentation of the pellets occurred around 20-21 hours, 
leading to a change in broth colour from colourless to slightly yellow and 
subsequent growth in the form of a mixture of large mycelial mats mixed with 
small pellets. In the past, attempts to establish continuous cultivation with 
pelleted cultures had led to washout of the culture even with extremely low 
dilution rates. This was probably due to a lack of mycelial fragmentation in 
these broths. Culture broths 24 hours after inoculation were similar in 
morphology to those found in flask-grown cultures on a complex medium, TSB, 
and were composed of large mycelial mats. Successful establishment of 
continuous culture could be attained using batch cultures after 28 hours of 
growth.
Within 24 hours of continuous culture the apparent broth morphology altered; 
the large mycelial mats were no longer present and the broth appeared 
uniform and pale cream in appearance. The viscosity of this turbid broth was 
increased over that of the original medium. When visualised through the 
microscope, a dense homogeneous suspension of loosely-branched mycelial 
mats could be seen.
Colony morphology; Diluted broth samples plated onto Emerson agar 
showed that some of the characteristics of the culture were changing as the 
fermentation progressed.
Firstly, in samples at 24 hours post-inoculation, during the period of batch 
culture preceding the switch to continuous culture, some colony forming units 
were identified as lacking the capacity to sporulate (postulated 'bald' variants).
Bald colonies were characteristically of two types, large (up to 10 mm diameter) 
and small (2-3 mm). The large bald colonies disappeared rapidly following the 
switch to continuous culture, possibly due to fragmentation, and consequent 
decrease in colony size (see later. The smaller colony type became the major 
constituent until takeover by colonial variants after two generations. The rapid 
disappearance of large bald colony forming units following switch to continuous 
culture was mirrored by an apparent morphological change in the culture broth, 
from large dense mycelial mats, to a more fragmented, filamentous type of 
growth. The disappearance of the larger colonies could have been the result of 
a change in size of the initial mass of the colony-forming unit. Colonies of 
Streptomyces spread only a limited distance over the surface of agar, in 
contrast to those of fungi (Hopwood et al., 1985) and a difference in inoculum 
mass would explain the difference in size of the colonies. All bald colonies 
were smooth-surfaced colonies raised above the surface of the agar and firm
when lifted using a wire loop or toothpick. The morphology of these postulated 98  
mutants remained constant following repeated transfer (2 times) to both 
Emerson and Soya agar, both media which normally support sporulation of S. 
thermonitrificans.
Following the switch to continuous culture, the appearance of a second 
morphological variant was identified at a low level in the total population of 
colony forming units (around 5%). These mutants were first identified 24 hours 
following the initiation of continuous culture at a dilution rate of 0.17hM. The 
mutants were found to constitute 100% of the population at a 48 hour time 
point following initiation of continuous culture {i.e. 2 generations into 
continuous culture). From this time point the population contained only the 
second class of morphological variants (colonials). They were considerably 
flatter in appearance on the surface of agar compared to the bald colonies, with 
a 'pleated' surface morphology. They were generally capable of surface 
growth, with very little penetration of the agar, and spread over the surface of 
agar to a greater extent than the bald colonies and could be lifted easily with 
toothpick or wire loop. Sporulation of these colonies occurred infrequently, at a 
level of less than 1% of the total population of colonial variants. The 
morphological characteristics remained the same after two subcultures.
4.7 Mutation in Continuous Culture
Mutation to a colonial morphology is characteristic of filamentous organisms in 
continuous culture. The time of occurrence of these mutations in chemostat 
culture may be accurately predicted for given strains of fungi and 
Streptomyces (Trinci, 1990). These mutations are thought to occur as a result 
of the selective pressure for a fragmented mycelial morphology, which occurs 
when a chemostat is operating in the absence of oxygen limitation, with high 
agitation levels, and hence high levels of shear stress. Excessively high 
agitation levels of 900 rpm, predetermined in batch culture, were used in the 
LH fermenter in this study to ensure no oxygen limitation would occur in a 
culture of S. thermonitrificans containing 6 g.M glucose. This is probably the 
major factor implicated in the rapidity of take-over by colonial variants, together 
with the use of readily metabolisable carbon and nitrogen sources and an initial 
high rate of dilution.
In S. coelicolor, growth on a defined medium containing ammonia as nitrogen 
source and 2 g.M glucose enabled takeover by colonial mutants at around 20 
generations, alternatively expressed as 20 dilutions (Hobbs, 1988 and 1989). 
However, the same medium containing sodium nitrate as nitrogen source, a 
less easily utilized nitrogen source, and the same glucose concentration could
be used to retard the takeover to about 60 generations. The colonial mutants 99
produced during extended cultivation of S. coelicolor, in addition to losing the 
capacity for sporulation, produced an uncharacterised brown pigment and 
ceased the production of antibiotics normally produced by this strain, 
actinorhodin, methylenomycin and undecyl prodigiosin. It has been reported 
that adjustment of medium composition may extend the period before take-over 
occurs, presumably as a result of a change in selective pressure (Trinci, 1990).
Streptomyces are known to be subject to genetic instability at high frequencies 
(Birch e ta i ,  1990: Hopwood and Chater, 1990: Mathumathi e t a l , 1990), and 
this inherent instability, in the presence of the selective pressures existing in a 
chemostat would lead to gross population changes. This is a problem with the 
use of continuous culture. However continuous culture may be suitable for the 
selection of mutants with improved morphology. Colonial or friable mutants are 
known to occur in S. coelicolor continuous culture under carbon limitation; in S. 
rimosus (I. Hunter personal communication); in S. thermonitrificans in 
continuous culture under glucose limitation (described above) and in S. 
lividans. These latter mutants, of S. lividans, occur in chemostat cultures under 
an unspecified limitation and the apparent morphology is not reported in detail. 
These mutants are described as 'slowly-sedimenting mycelium variants' (Grafe, 
1990). Any morphological variants isolated from continuous culture would be 
required to be stable, but following the establishment of this prerequisite, then 
further development of the variant may be worthy of investigation. In 
production strains, where loss of host-encoded antibiotic production is 
disadvantageous, this approach to culture development may be inapplicable. 
However for a project in which S. thermonitrificans is merely a heterologous 
host, a novel approach may be to select for stable variants with enhanced 
morphology. Selection for enhanced growth rate and yield values in 
comparison with the parent strain could also be made using chemostats and 
turbidostats at high growth rates. A selected mutant could then be developed 
as a host for plasmid-encoded antibiotic pathways. Loss of antibiotic production 
capacity would be obviated by antibiotic selection for the retention of plasmid, 
although structural instability of the plasmid-encoded pathway could still occur.
Rapid mutation and take-over of a population of microorganisms in continuous 
culture is not a phenomenon unique to filamentous strains. In Erwinia 
herbicola, a plant pathogenic bacterium infecting plum fruit, a rapid mutation 
resulting in lack of exopolysaccharide production occurs in nitrogen-limited 
continuous culture and is selected in preference to the parental type (Linton et 
al., 1988 and 1990). This mutation and selection occurs reproducibly between
17-19 generations at a dilution rate of 0.044h'1 and 10 generation times at a 
dilution rate of 0.23h'1. This results in a decrease in the rate of polysaccharide
production from 0.37 g.g-1.h-1 to 0.03g.g-1.fv1. Loss of exopolysaccharide 100
production does not appear to result in any increase in growth efficiency. In 
Agrobacterium radiobacter, exopolysaccharide mutants may be selected by 
prolonged chemostat culture and show almost identical growth energetics to 
the parental strain (Linton, 1990). The reason for mutation to deficiency in 
exopolysaccharide production cannot be adequately explained by microbial 
energetics. In addition, the viscous broths of highly branched Streptomyces 
cultures and the broths of exopolysaccharide producers have similar 
rheological responses to shear stress (predicted pseudoplastic responses,
Banks, 1977 and personal communication). The mutation in both cases results 
in broths of low viscosity in conditions of high shear. However, the physical 
similarities of the resulting culture broths may be unrelated to the selective 
pressure and the similar result of mutation to broths of low viscosity in 
conditions of high shear may be a coincidence.
The apparent changes in broth morphology described during the establishment 
of continuous culture of S. thermonitrificans have also been described for 
chemostat culture in S. tendae ; with semi-defined medium and ammonia as 
the limiting nutrient (Lohr etal., 1989).
4.8 Experimental Determination of Maximum Growth Yield and Maintenance 
Energy,
Maintenance energy may be considered to be the energy required for the 
maintenance of viability. Substrate consumption is related to yield by Y = x/S 
g biomass, g glucose-1, therefore, S = x/Y, Y is the experimental yield, Y max is 
the growth yield without a maintenance requirement)
Total rate of substrate = Rate of consumption for - rate of consumption 
consumption Growth for maintenance
Therefore;
mx Where m =maintenance 
g glucose.g biomass.h"^
(i = specific growth rate h"  ^
+ _m Y = yield of biomass g dry
Y weight.g glucose" 
Ymax = Maximum growth 
yield (no m)
A double reciprocal plot of growth rate against yield with respect to substrate 
will give a line of slope m and intercept of 1 /Y max (Pirt, 1975)
The results have been interpreted in the light of the information introduced in
section 4.5 namely that after 2 generations a morphological variant took over 191 
the population in the chemostat of S. thermonitrificans and remained 
apparently stable. Hence the results are only presented as approximations for 
the purpose of discussion. In view of the results described for S. coelicolor, in 
which adjustment of the medium composition was required to ensure 
genotypically-stable populations, further work using continuous culture was not 
carried out (Hobbs etal., 1988).
Ideally the genotypic stability of a culture in continuous culture should be 
confirmed under experimental conditions for at least 60 generations prior to 
implementing experiments. However, this is generally impracticable. To provide 
a complete set of data for the experiment described below, the range of growth 
rates ideally should have been increased, although dilution rates below 0.05h-1 
are not generally accepted as compatible with a perfectly-mixed culture, and 
would not be considered (Stouthamer, 1990). In addition each experiment 
should establish a steady state twice at each dilution rate; first increasing 
dilution from low to high rates, and then reducing dilution rates to obtain the 
second set of values. Data for the two steady states corresponding to each 
dilution rate should correspond. The experiment would require repetition to 
confirm results. The experimental results for the determination of maintenance 
coefficient and maximum growth yield are given in Table 4.1 and Figure 4.5.
Errors were determined by calculating 1/yield for each biomass value recorded, 
then calculating the standard deviations from these values.
Slope of line = 3.36 - 2.46 = 0.075 g glucose.g biomass-1 .hour-1
1 8 -6
or 0.41 mmol alucose.a^-h^l 
The intercept on the Y  axis (A) = 1.97
Therefore, maximum growth yield = 0.53 g biomass.g glucose-1 (inverse of A)
= 95.4 a biomass, mol glucose-1
These values are presented as approximations and not rigorous determinations 
for reasons described previously.
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Table 4.1 Continuous Culture Results for the Determination 
of Yield with respect to Dilution Rate.
Pi.lutipn rate__________ Biomass (a) Yield (g npfls g
alucolse )
0 .1 7 2 .4 4 (+ /- 0 .14) 0 .4 0
0 .1 0 2 .2 3 (+ /-0 .1 8 ) 0 .3 7
0 .0 8 1.91 (+/- 0 .09) 0.31
0 .0 6 1.83 (+/- 0 .14 ) 0 .30
y= 1.9762+ 8.1172e-2x
3.7
RA2 = 0.951
3.5
3.3
o  2.9
o> 2.7
3
p
2.5
2.3
4 6 8 10 12 14 16 18
1/H (hours)
Figure 4.2 Plot of 1/ji against 1/Yield for the 
Determination of the Value for the Maintenance 
Requirement and the Maximum Growth Yield
In term s of the total energy economy of the cell, substrate level 
phosphorylation is proposed to contribute an amount of energy that is of the 
sam e order of magnitude as that consum ed for energy-requiring transport 
processes. Therefore, the combined influences of substrate-level 
phosphorylation and energy-requiring transport processes, being opposing, 
can be considered to be relatively small in comparison with the energy  
conserved during respiration (Jones, 1991).
4.9 Implication? Qf the Experimentally-Determined (approximate) Value for th^l 03  
Maximum Growth Yield with respect to Glucose
Assuming a mean YATP/max value of 13.5 g biomass per mole ATP for growth 
on glucose; and a value for Y max 'q2 of 60 g biomass per mole 0 2 for an 
aerobic organism with a maximum growth yield of 100 g biomass.mole 
glucose*1, (values taken from Jones, 1977) then the approximate ATP/O ratio 
for S. thermonitrificans (with a maximum growth yield of 95 g biomass.mole 
glucose*1) - is given by;
AJP , = Ymax 0£_- = 60 = 2.2
O 2 .Y maxATP 1 3 .5 x 2  (From Jones, 1988)
This relationship does not take into account any ATP generated by substrate 
level phosphorylation. However, in terms of the total energy economy of a 
bacterium, the energy conserved by substrate level phosphorylation is 
relatively small. It implies there are around 2 sites of respiratory chain energy 
conservation in the electron transport chain for S. thermonitrificans.
Information concerning the respiratory chain composition of S. thermonitrificans 
from difference spectra suggests that it consists of b , c and an aa-3  type (H+- 
pumping oxidase) cytochromes together with a CO-reacting cytochrome 
oxidase o (Edwards and Ball, 1987). This is compatible with a respiratory 
chain containing up to 3 sites of energy conservation (Jones, 1977), and 
predicted higher growth yields than organisms lacking the cytochrome c and 
aa-3  (Jones, 1988) The presence of both cytochrome aa-3 and c are 
considerably significant in their influence on energy transduction, in relation to 
the efficiency of growth and product formation in industrial fermentations 
(Jones, 1991).
Respiratory chain composi tion and its applicability to yield studies is useful for 
discussion and comparison of the maximum potential of organisms. However, 
discrepencies between predicted and experimental values can occur, the result 
of physical deviations in membrane proton permeability, the presence of 
respiratory chains which may be branched, or futile cycles (Jones, 1988). 
Therefore, knowledge of the cytochrome content does not necessarily imply 
that the efficiency of energy transduction can be predicted. However, the 
value for the maximum growth yield for S. thermonitrificans (95g biomass, 
mole glucose*1) would suggest that major deviations between predicted yield 
values (of 110g biomass mole*1 glucose) and experimentally-obtained 
maximum yield values do not occur. Therefore, futile cycles or branched 
respiratory chains are unlikely to be a major energy drain to this organism.
4.10 Implications of the Experimentally Determined (approximate) Value for 104  
the Maintenance Coefficient
The approximate maintenance requirement derived for S. thermonitrificans is 
large, but is comparable with some prokaryotic organisms grown in defined 
medium with glucose as the limiting nutrient. A comparison of some reported 
prokaryotic maintenance coefficients are given in Table 4.2 (from Stouthamer 
and van Verseveld, 1987). As a general rule prokaryotes have considerably 
larger maintenance coefficients than those of eukaryotes such as yeast and 
fungi (Stouthamer, 1990).
The large value for the approximate maintenance coefficient for S. 
thermonitrificans, 0.41, is comparable to that of E. coli (Baschnagel e ta l,
1969) and Bacillus licheniformis in a recycling fermenter. This latter result 
illustrates the influence shown by the cultivation conditions on the maintenance 
value, alternating conditions of high and low glucose concentrations are known 
to result in high values for the maintenance coefficient. The data for S. 
thermonitrificans were obtained for growth with glucose at a concentration of 
6.g.l'1 at an very high agitation rate of 900 rpm (to ensure dissolved oxygen 
was not limiting). In retrospect, it would have been more suitable to use a 
lower glucose concentration (and therefore a lower cell density), with a reduced 
agitation rate. Growth of microorganisms in high shear conditions results in 
high values for the maintenance requirement due to cell damage (Bayer, et.al., 
1990). Therefore the maintenance value for S. thermonitrificans cultivated in 
high shear conditions at a temperature of 45°C is not unacceptably high, and it 
can be suggested that the maintenance drain for growth at 45°C  is not overly 
excessive. Ideally the maintenance value for S. thermonitrificans should be 
compared against the maintenance value for a commercial antibiotic-producing 
mesophilic streptomycete in continuous culture under glucose limitation.
However, no maintenance coefficients for Streptomyces have been reported.
Although the maintenance requirement for S. thermonitrificans is relatively 
large, in commercial fermentations, the faster growth rate of a thermotolerant 
streptomycete may outweigh the influence of an increased maintenance 
requirement.
Table 4.2 Comparison of Some Published Values for the Maintenance 1
Coefficient In Different Prokaryotic Organisms. All the data were derived from 
chemostat cultivation under glucose limitation.
Organism__________Maintenance coefficient_________ Reference
Escherichia
coli
(mmol .a d  hd)
0.5 (calculated) 
0.4 ( from b )
(g.g d h .il)  
b
0.090
0.072
Baschnagel et a l,  1969
(i
Klebsiella
aerogenes
0.30 Stouthamer eta l., 1975
Bacillus
licheniformis
0.24 Stouthamer et al., 1975
Bacillus
licheniformis
0.365
(grown in glucose
Stouthamer etaL, 1975 
- limited recycling fermenter)
S. thermonitrificans 0.41 0.073 This work
(approximately)
It has been postulated by Neijssel and Tempest (1976) that, in contrast to the 106  
mathematical derivation of Pirt, maintenance is a function of growth rate. A 
mathematical relationship for maintenance incorporating a growth rate 
dependent and a growth rate independent term has been postulated 
(Stouthamer, 1977: Chesbro, 1988). In addition, it has been shown that growth 
yield is influenced by the type of growth limiting nutrient. (Andrews, 1989).
Further, in Klebsiella aerogenes and E.coli, the elemental composition of 
biomass has been shown to be influenced by the nutritional limitation employed 
in the chemostat and by the steady state specific growth rate (Esener and 
Roels, 1982: Bremer and Dennis, 1987). Overall, these reports suggest that 
the Monod model for growth of microorganisms is simplistic, and although it is 
found experimentally to be adequate, the derivation of more useful results may 
require the analysis of continuous culture data with a more complex growth 
model.
Many discrepancies exist in the literature with respect to the determination of 
the maintenance coefficient, both within species (which would be expected due 
to different cultivation regimes), but also within data sets for the same 
experiment. A method for establishing the consistency of published 
maintenance values and yields has been proposed (Solomon and Erickson,
1981), based on the use of the concept of 'available electrons' or reductance, 
true energetic yields and yield values for biomass with respect to oxygen, 
carbon dioxide and energy substrate in the same experiment. This method 
does not deal with cell composition differences; however, the small variations 
of biomass composition (a variation of 5-6% in Klebsiella aerogenes) may be 
disregarded providing extreme accuracy is not required (Esener and Roels,
1982). In addition the use of calorimetry in the estimation of maintenance 
values has been suggested, and used successfully with Bacteroides and 
Selenomonas (Russell,1986).
4.11 Further Use of Data from Chemostat Culture
A range of manipulations of chemostat data may be carried out to provide 
either more accurate or more detailed information concerning the physiology of 
a microbial culture. For a genetically-stable continuous culture of S. 
thermonitrificans these experiments and transformations would have been 
considered and are discussed below.
In a continuous culture at steady state the growth rate is equal to the dilution 
rate of an essential rate-limiting nutrient. If the dilution rate for a typical steady 
state culture is increased to a value beyond the maximum growth rate, then 
washout occurs. In this situation, the microbial culture can no longer grow at a
rate equivalent to the dilution rate and the rate of loss of biomass exceeds the 107  
growth rate, leading to washout. Washout may be used to derive the maximum 
specific growth rate. The microbial culture must grow at the maximum rate 
during washout, in view of the stress placed upon it. Therefore, the rate of 
growth determined under these conditions is the maximum specific growth rate.
The rate may be determined from a plot of x (biomass concentration) against 
time at a dilution rate in excess of the maximum specific growth rate of the 
culture. The first order decay kinetics of this curve include terms for the dilution 
rate and the maximum growth rate, and as D is known, then |x max can be 
determined. This is described mathematically below (Pirt and Callow, 1960;
Pirt, 1975).
For S » K s and D>DC where
Dc is the critical dilution rate ie the dilution rate at which steady state may just 
be maintained, when D (l.min-1.culture volume ’1) = jimax (h'1)
S is the reservoir limiting substrate concentration (g.l*1)
Ks is the substrate saturation constant (g .M )
then p. = jXmax
Therefore substituting |xmax for |x in the biomass balance under these 
conditions gives;
Inx = (|xmax- D)t + lnx(0)
A logarithmic plot of ln(x) against (t) would then give a curve with slope (|xmax - 
D). Dilution rate D is known, and hence |Xmax maY be deduced.
The washout determination of the maximum specific growth rate for 
S. thermonitrificans was not carried out, in view of the filamentous nature of 
streptomycete growth. This simple relationship between maximum specific 
growth rate and washout was considered inaccurate, as washout would be 
determined partly by the rate of culture growth, partly by morphology and by 
the morphological response to shear. Mycelial mats would be washed from the 
culture, and the total number of potential sources of apical hyphae would be 
reduced in contrast with unicellular cultures, when each cell is capable of 
further division. In a mycelial culture, only apical cells are capable of 
extension. Providing mycelial fragmentation occurred at a rapid frequency, then 
the number of potential sources of apical hyphae may be replenished at a rate 
in excess of the dilution rate. However if fragmentation does not replenish 
inocula at a suitable rate, then the relationship would not hold. Therefore, it was 
thought that an expression including a term related to morphology would be
required, and that simple experiments determining maximum growth rate from 1 
washout using the Monod relationship would be inaccurate. Determination of a 
model for washout of mycelial cultures was beyond the remit of this project.
The maximum specific growth rate is useful as a tool with which a process may 
be judged relative to alternative processes and a value which is useful in the 
optimisation of a process. An organism tends to grow in the most efficient 
mode close to the maximum growth rate, as the maintenance requirement is 
then at its lowest value (proportionally) with respect to biomass formation, and 
the specific processes which characteristically operate at low growth rates do 
not apply (Chesbro, 1988; Stouthamer, 1988 and 1990). These processes 
result in a lower maximum growth yield (Ymax) at slow growth rates. The 
consequence of slow growth is discussed in detail in the report by Stouthamer.
It is therefore desirable that process development results in culture conditions 
in which the organism can grow at a value close to the maximum rate. In 
addition, rate and therefore productivity with respect to time are greater at 
higher growth rates. The potential of a strain for a high throughput process 
may be simplistically compared with alternative strains on the basis of |imax-
In view of the genotypic instability of wild type chemostat cultures of S. 
thermonitrificans, further investigations of the physiology of the strain were 
conducted in flasks. These are described in Sections 4.11 and 4.12.
4.12 The Influence of Carbon Source on Growth in Defined Medium in Flask 
Cultures
Growth of an organism on a range of carbon sources may provide insight into 
the relative growth efficiencies on each source and into the presence and 
absence of specific catabolic pathways. Additionally, negative results may 
suggest transport limitations. In view of this, an investigation into the effect of 
various carbon sources was carried out, under identical conditions and 
concentrations with respect to carbon and inoculum.
A range of carbon sources (pH7), sterilised at 10 p.s.i. for 10 minutes at carbon 
concentrations equivalent to 6 g.h1 glucose (198 mg atom carbon) and 2 g.M 
(66 mg atom carbon) in defined media were prepared. These were inoculated 
with frozen mycelial inocula to a 2% (v/v) concentration (development of this 
inocula is described in 3.10.1). Two different concentrations of carbon source 
were used to observe any influence carbon source concentration might have 
on the quantities of biomass produced. Flasks were inspected daily and finally
Table 4.3 Investigation into the Influence of Carbon Source on Growth in 109  
Defined Medium
For concentration 198 ma atom Carbon
Carbon Source Biomass
Glucose 1.26 g.1'1 (+/- .04)
Lactose 0.03 g.M (+ /-.01)
Galactose 0.07 g.1'1 (+ /-.03)
Fructose 0.12 g.M (+ /-.03)
Xylose 0.06 g.M (+/- .00)
Mannose 0.07 g.1‘1 (+ /-.02)
Mannitol 0.30 g.M (+/- .07)
Citric Acid 0.06 g.M (+ /-.04 )
Biomass values for all flasks except glucose at the 66 mg atom carbon were 
negligible and not recorded.
Qualitative Results from Secondary Flasks
Carbon Source 198 ma atm C____________________ Quality of Growth
Glucose Excellent growth
Lactose Very poor growth
Galactose Poor growth
Fructose Good growth but large
pellets
Xylose Very poor growth
Mannose Poor growth
Mannitol Relatively good growth
Citric Acid No growth
Table 4.4 Investigation Into the Effect
Nitrogen Source____________________
Ammonium nitrate 
Sodium nitrate 
Casamino acids 
Sodium glutamate
Ammonium chloride (control, nitrogen j 
used in 579M M )
Nitrogen Source on Growth in 579MM
Biomass___________
1.03 (+ /-0 .13)
0.70 (+/- .096)
6.08 (+ /-0 .19)
1.31 (+ /-0 .15) 
jrce 1.21 (+/- 0.18)
harvested after 120 hours of growth, when it was judged that all potential 11 
growth would have occurred regardless of the length of lag phase and growth 
rate. Flasks were inoculated with mycelial inocula in triplicate and the 
experiment repeated. Fragmented mycelial inocula were used in this 
experiment to enable a high concentration of potential apical hyphae to be 
provided for subsequent growth. The fragmentation of mycelial inoculum had 
been optimised (described in 3.10). Results are shown in Table 4.3.
It was recognised that the mycelial inoculum had undergone a pre-adaptation 
for growth on glucose. In order to indicate whether this inoculum adaptation 
had an excessive influence on results, inocula (10 ml) from each flask with 
carbon concentration at 198 mg atom carbon following growth for 120 hours 
was used to inoculate a secondary flask containing the same carbon source at 
the same concentration. The final biomass concentration following incubation 
for a further 72 hours in the secondary flask was similar to that demonstrated in 
the primary flasks (data not shown, qualitative description given). Hence any 
influence in this experiment due to adaptation to a different carbon source was 
considered negligible.
The lack of growth on citric acid was probably due to a transport limitation and 
lack of growth on citrate is confirmed for this strain in the tables of Williams et 
al., 1982. The utilization of glucose, fructose and mannitol, all of which are 
substrates that feed into the glycolytic pathway, suggests that glycolysis is 
active. The less efficient utilization of mannitol is surprising, in view of the more 
reduced status of this carbon source, which would be expected to give greater 
yields than glucose. The non-utilization of lactose may be explained if 
extracellular 6-galactosidase is not produced by this strain, or no transport 
system exists for direct uptake of intact lactose molecules. In E. coli, lactose is 
specifically uptaken by lactose permease. The poor utilization of the hexoses, 
galactose and mannose is surprising, and may suggest that transport 
limitations for these sugars exist. The non-utilization of xylose, a pentose 
sugar which feeds into glycolysis may imply again that a transport limitation 
possibly exists, or that heat degradation of the carbon source has occurred 
(although unlikely). In contrast to E. coli, transport systems have not been 
subject to detailed study in Streptomyces. However it is known that a  
phosphotransferase system does not exist in Streptomyces (D. Hodgson, 
personal communication to I. Hunter: Ramono, 1970).
These results show unequivocally that glucose is a preferred simple carbon 
source for S. thermonitrificans under the conditions used. Suitable alternative 
carbon sources would be mannitol and fructose. Glucose is considered ideal 
as a carbon substrate because the majority of quantitative physiological data
have been obtained for growth on glucose, enabling comparison of data from 11 
S. thermonitrificans with a wide range of alternative systems. Glucose was 
considered adequate for the project in view of the ease of assay and the wide 
range of simple colo rimetric analysis techniqes available. In addition, 
glucose is conventionally used as one of many cost-effective carbon 
feedstocks in commercial fermentation processes and hence is particularly 
suitable for a project, in which comparison with conventional mesophilic 
streptomycete fermentations ideally should be made.
4.13 Investigation of The Influence of Nitrogen Source on Submerged Mvcelial 
Morphology of S. thermonitrificans in Flask Cultures
A study of the influence of nitrogen source on growth was considered important 
for a number of reasons. Firstly, it was found that growth on defined media in 
Erlenmeyer flasks resulted in pelleting of S. thermonitrificans, whereas 
pellet ing was absent from growth in complex media, or in defined media 
supplemented with yeast extract (described in chapter 3). In S. 
thermoviolaceous, another thermophilic streptomycete, the use of glutamate 
as sole carbon source in a defined medium was found to alleviate pelleted 
growth to the extent that it did not occur (James, 1990). Inocula concentrations 
of 6%  (v/v) were a prerequisite for dispersed growth on this glutamate medium. 
The glutamate defined medium for S. thermoviolaceous encouraged the 
production of pelleted broths when glucose was used as a carbon source or 
when lower inoculum concentrations were used. Secondly, it has been shown 
with S. coelicolor in continuous culture that the use of ammonium as a source 
of nitrogen exacerbates the problem of take-over of the chemostat with 
filamentous mutants, described in 4.7. The use of sodium nitrate has been 
found to retard this takeover (Hobbs etal., 1988). It was therefore important to 
consider alternative inorganic nitrogen sources and assess their potential for 
use in a minimal medium for S. thermonitrificans. The use of amino acids as a 
source of nitrogen was rejected as incompatible with the ultimate use of carbon 
balancing for fermentation analysis.
Flasks of each nitrogen source, listed in Table 4.4, at a concentration of 50 mM 
with respect to nitrogen at pH7.0 and glucose at a concentration of 33 mM 
were inoculated with 2% (v/v) mycelium in triplicate. Nitrogen sources were 
sterilised by filtration. Samples were taken after 84 hours and the experiment 
was repeated. Mycelial morphology was analysed in a qualitative manner and 
biomass results are presented for each experiment in Table 4.4.
Surprisingly, pelleted broths were found in all cases, and the relatively large 
errors in biomass determination reflect the heterogeneous nature of the
pelleted broths. Growth was considerably increased in casamino acid- 11
containing medium. This could have been a result of the mixture of carbon 
sources and a consequent increase in growth rate, in addition to the effect of a 
mixed organic nitrogen source. It can be concluded that the pelleted broths 
observed in flasks of S. thermonitrificans on defined medium, and in the lag 
and early exponential phases of growth in stirred tank reactors are not solely 
due to the use of an inorganic nitrogen source. Final biomass concentrations 
were greater in medium with ammonium chloride as an inorganic nitrogen 
source in comparison with sodium nitrate. However, the latter compound could 
serve as a suitable replacement for developing media specifically for use in 
chemostat culture, to retard the take-over by morphological mutants.
4 .14 Final Conclusions for this Chapter
The continuous system of culture is undoubtedly superior for investigating 
Streptomyces physiology for the reasons discussed in this chapter. Data from 
continuous culture, in view of the simplicity of the material balance at steady 
state, is am enable to simple transformation yielding a range of useful growth 
parameters . Although the filamentous morphology of Streptomyces in 
continuous culture is problematic, this is not insurmountable providing 
developmental work takes place
In contrast, results obtained in batch culture do not grapple with the basic 
growth characteristics of a specified strain, although data from flask batch 
experiments are useful, particularly in the investigation of a large number of 
variables. Flask experiments are ideal in developmental work (such as that 
described in Chapter 3), although it should be noted that results have to be 
interpreted with caution due to the large number of dependent variables.
Experiments described in this chapter have identified that rapid mutation to a  
filamentous morphology in a glucose-limited chemostat occurs within 2 
generations of the switch to continuous culture in S. thermonitrificans in high 
agitation conditions. This variant has an approximate maintenance requirement 
of 0.41 mmoles glucose, g biomass-1, h-1, and an approximate maximum  
growth yield of 95 g biomass per mole glucose. Providing the variant is similar 
in energetic terms to the parent, then these energetic values suggest the strain 
may be may be well adapted to growth at elevated temperatures, as the 
maximum growth yield is comparable with other prokaryotic mesophiles. 
Discussion of the growth energetics of S. thermonitrificans is continued in 
Chapter 5.
The final conclusion has to be that S. thermonitrificans is an adequate host for
use in expression studies at elevated temperature with regard to the 1
investigation of potential production efficiency in economic terms. Energetic 
performance is comparable with that of prokaryotic mesophilic bacteria. It 
grows at an optimum temperature of around 45°C, a temperature at which 
large savings in cooling requirements will be made on a production scale. 
Additionally, the strain is amenable to physiological study, using techniques 
developed and discussed in Chapter 3 and this Chapter, and has a maximum 
specific growth rate in excess of 0.17h-1, determined by continuous culture 
(Table 4.7). Successive work described in later chapters details 7 litre batch 
fermentations analysed by the techniques of materials balancing (Chapter 5), 
attempts at developing a recombinant S. thermonitrificans with the capacity to 
produce oxytetracycline (Chapter 6) and development of a purification scheme 
for an unknown antimicrobial product (Chapter 7).
CHAPTER 5 1
Fermentation in a 7 litre Stirred Tank Bioreactor and Data Analysis using
Material Balances
5.1 Introduction
Following the development of techniques suitable for growth of S. 
thermonitrificans in a stirred tank reactor, it was planned to undertake the 
analysis of several fermentations. The final aim (in ideal circumstances) would 
have been to analyse fermentations with a recombinant S. thermonitrificans 
expressing an antibiotic pathway at fermentation temperatures of 3 7 °C  and 
45^C; to compare the antibiotic productivity and energetics of the strain under 
the two growth conditions. This chapter describes the establishment of a 
system for such analyses and reports the microscopical mycelial morphology, 
on-line and off-line data for three replicate fermentations. A stoichiometric 
fermentation balance is presented and analysis of experimental data, using 
material balances, is shown. The mathematical treatment of physiological 
results could form the basis for a physiological (rather than a mathematical) 
model for growth of S. thermonitrificans; one way of achieving this is briefly 
described. Finally, the experimentally-derived yield values are compared with 
yield values obtained from the stoichiometric fermentation balance and the 
resultant deviations discussed.
5.1.1 Fermentation Data Analysis using Material Balances
For fermentation material balances, the macroscopic properties which relate to 
a population of organisms in a system bounded by the fermenter vessel are 
under investigation, in contrast to the properties relating to a  single microbe, or 
metabolic pathway. This is the application of the formal principles of 
thermodynamics to a biological system. The microorganism is regarded as an 
open system in equilibrium with the conditions in the fermenter. Growth 
requires the availability of elements needed to form additional cell mass, and 
the free energy of substrates consumed should exceed the free energy of cells 
and metabolic products formed. A batch fermentation may be described as a  
semi-closed system in which energy may be exchanged freely with the 
universe, and mass may be exchanged freely by gaseous exchange, but solid 
and liquid component exchange is restricted following inoculation. Simple 
balances can easily be set over the system for each com ponent, based on the 
first Law of Thermodynamics, illustrated in Figure 5.1 for an aerobic, 
heterotrophic microorganism. The inoculum acts as a catalyst for the formation 
of biomass.
Inoculum Biomass
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Figure 5.1 System and Flows for the Macroscopic Analysis of Growth and 
Product Formation in an Aerobic, Chemoheterotrophic Microorganism
Hence if the amount of an element contained in the system and the flows from 
the system is quantitated, it can be established whether fermentation data are 
consistent. If there is a apparent discrepancy in elemental recovery, then 
either a numerical error is present, or there is an additional source or flow that 
has been unaccounted. For repetitive fermentations of the same type, the 
conditions can be optimised, then analysed by the materials balance technique. 
The materials balance data can then be incorporated in a physiological model 
(Konstantinov and Yoshida, 1989). If the biomass elemental composition is 
known, then a stoichiometric fermentation balance for growth, or growth and 
product formation can be established for comparison with experimental balance 
data.
The theory of the application of the principles of macroscopic analysis and 
thermodynamics to biological systems is comprehensively reported by Roels 
(1980). Metabolic pathway analysis, based on the known biochemistry of a 
process would be an alternative method of achieving the same result as the 
method of material balancing presented in this chapter (Papoutsakis, 1984). 
However, the technique of material balancing is more suited to analysis of a 
process in a biochemically uncharacterised organism such as 
S.thermonitrificans. More recent papers include a comparisons of metabolic 
pathway analysis and material balancing, (Tsai and Lee, 1988 and 1989), 
physiological state control (Konstantinov and Yoshida, 1989) and state 
estimation in the presence of incomplete mass balance (Liao, 1989).
For carbon-balanced fermentations, the sum of C O 2 output, biomass and 
product accretion and residual substrate in common units of carbon should 
equal the input concentration of carbon substrate and inoculum. This simple 
balance was used to analyse fermentations of S. thermonitrificans grown in a 7 
litre Bioengineering fermenter with vortex aeration and minimal medium 
(579M M) containing 3 g.M  (33m M ) glucose, 10mM phosphate and 50m M  
nitrogen (ammonium).
5.2 Establishment of Fermentations
Fermentations and carbon dioxide exit gas analysis were established as 
described in 2 .10 .3  using media and techniques discussed in Chapter 3. 
Graphical representation of the on-line data for three replicate fermentations 
are presented in Figures 5.2 to 5.4. A discussion of this data is given in 5.2.2. 
A microscopical morphological profile of the fermentations is given in Figures 
5.5, 5 .6  and 5 .7 , described in Table 5.1. Off-line results are graphically 
presented in Figures 5.8 to 5.10, followed by a discussion of this data.
5.2.1 On-line Data
The Dissolved Oxygen Concentration. This is expressed as a proportion of 
the maximum d 0 2  prior to inoculation (set at 100%). Following inoculation, a 
period of decrease in the dissolved oxygen concentration occurred from 10 
hours to 30 hours; the rate of this decrease reaching a maximum during the 
period covering 20-30  hours (Figures 5.2-5.4). A minimum value for the dC>2 
concentration was achieved around 30 hours for each fermentation followed by 
a very steep increase. This minimum d 02  concentration coincided with the 
point of total glucose depletion (see Figure 5.6 to Figure 5.10). The sharp 
increase in d0 2  concentration following the minimum point is a result of the 
lack of glucose substrate and the consequential reduced requirement for 
oxygen as an electron acceptor.
Carbon Dioxide Output. On-line data presented in Figures 5 .2 -5 .4 are 
expressed as a percentage of the corrected gas flow through the analyser (ie 
the carbon dioxide concentration in the fermenter effluent stream minus that in 
the inlet ferm enter stream) Gas flows through the fermenter remained at one 
volume of air per volume of medium per minute (1 vvm) and similarly, flow 
through the analyser remained constant. The on-line parameter is therefore a 
rate function and reflects the physiological state of the culture at a discrete 
point in time. Carbon dioxide output increased from around 10 hours after 
inoculation. Maximum rates of carbon dioxide output were achieved around 30 
hours, followed by a sharp decrease. The curve for output of carbon dioxide 
may loosely be described as the reverse of the curve for decrease in dissolved 
oxygen concentration. In both cases the slopes reflected the inter-dependant 
influences of growth and substrate availability on gas exchange.
5.2.2 Microscopical Morphological Profile
In all fermentations carried out under these agitation conditions in minimal 
medium, small pellets formed early in the fermentation which fragmented by
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Table 5.1 Description of the Mycelial Morphology shown in Figures 5.5, 5.6, 1
and 5.7
Frame Harvest Time
__________(inoculation at 0 hours)
Figure 5 ,5
17a 10.28
17b, 17c 17.63 and 18
17d -17j 22.39  to 34.1
Figure 5.6
20a 8.20
20b, 20c 18.54
20d, 20e 20.28
20f, 20g 21.53-26 .29
20h-20j 30 .09-43 .54
Figure 5 .7
23a, 23b 8.30
23c, 23d 15.12
23e 19.21
23f-23l 21 .0 -30 .48
 Description
Small, discrete open-meshed pellets 
Small mats, groups of pellets 
Mycelial mats
Small, discrete open-meshed pellets
n
Small mats, groups of pellets 
Mats of uneven hyphal density 
Mycelial mats of even, open-meshed, 
hyphal density
Small, discrete open-meshed pellets 
Groups of pellets, single large dense 
pellet
Mats of uneven hyphal density 
Mats with near-even, open-meshed, 
hyphal density.
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Figure 5.5 Photographs of Mycelial Morphology for S.thermonitrificans
during Fermentation F17 (Phase Contrast Microscopy, x312)
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Figure 5.6 Photographs of Mycelial Morphology for S.thermonitrificans
during Fermentation F20 (Phase Contrast Microscopy, x312)
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Figure 5.7 Photographs of Mycelial Morphology for S.thermonitrificans
during Fermentation F23 (Phase Contrast Microscopy, x312)
about 20 hours at a dC>2 of around 50%  (Figures 5.5, 5.6, 5.7). These small 122  
pellets were largely superposed by large wefts of open-meshed mycelia by 20 
hours. The mycelial morphology then remained reasonably constant for the 
remainder of the fermentation. This pattern of mycelial morphology was 
consistent between fermentations under these conditions, and was almost 
indistinguishable from the morphology of S. thermonitrificans grown on the 
complex medium TSB. The mycelial morphology for S. thermonitrificans 
observed in these agitation conditions contrasted markedly with those of both 
flask cultures and stirred tank bioreactor cultivation (with the baffle cage in 
place, see 3.9). Details of harvest time and morphology descriptions are given 
in Table 5.1.
5.2.3 Off-line Data
Data for biomass accretion, cumulative CO 2 output, glucose depletion, 
phosphate depletion and ammonium depletion are presented in Figures 5.8 to 
5.10
Biomass Accretion. Following inoculation, a phase of rapid growth with 
increasing growth rate and quasi-exponential kinetics occurred after 10 hours.
In all cases a peak of biomass accumulation was attained after around 30  
hours of growth, at a value of approximately 1 g .M , which corresponded with 
the point of glucose depletion. A rapid decrease in the biomass concentration 
occurred after this point. This decrease was presumably the result of the 
endogenous metabolism of cell components to yield energy for maintenance of 
viability in an ever-decreasing proportion of the population.
Glucose Utilisation. The rate of glucose utilisation was initially very low. After 
20 hours, the utilisation rate began to increase very rapidly until glucose 
exhaustion occurred at 30 hours.
Cumulative Carbon Dioxide Output. This is expressed in terms of millimoles 
and is the amount of gaseous carbon evolved during the fermentation. The  
curve for carbon dioxide output was apparently the image of the curve for 
glucose utilisation, for active growth of the culture (as would be expected).
After 30 hours, in the absence of glucose, presumably cell material or 
extracellular products of lysis were consumed to fuel respiration processes. In 
this region, the slope for C O 2 output would be expected to be a function of the 
slope for biomass depletion.
Phosphate Utilisation. The curve for phosphate utilisation possessed a
shallow slope in comparison with that for glucose. Following growth, phosphate
Figure 5.8
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was still in excess. In each fermentation, approximately 2.5 millimoles of 124  
phosphate were removed from the medium (per litre), leaving a final medium  
concentration for phosphate of 7.5mM.
Nitrogen Utilisation. Residual ammonium concentrations of 37 mM were  
found with all fermentations, in comparison to an initial concentration of 50m M .
This illustrates that the inorganic nitrogen concentration of the medium is in 
excess of the requirements for growth. If it proved necessary to reduce the 
concentration of ammonium in the medium, a level of 25 mM would suffice for 
growth to final biomass concentrations of up to 2 g.M .
5.3 Elem ental Analysis of Biomass
To attempt a stoichiometric balance of the fermentation, an estimate of the 
proportion of specific elements in biomass was required. Elemental analysis 
was performed in the infancy of the project, prior to the development of 
579M M . For this reason biomass was cultivated on TSB. An estimate of yield, 
reductance and respiratory quotient based on the elemental analysis of 
biomass is presented in the following section. Ideally, the elemental analysis 
should be repeated using mycelium cultivated in 579M M . The method is 
presented in Section 2.8.6.
Following the lyophilisation of 3 replicate samples, subdivided for lyophilisation, 
the 6 samples were subdivided again, to give a total of 12 samples; 3 replicates 
in quadruplicate. Results are tabulated in Table 5.2.
From the data shown in Table 5.2 an approximate value for the molecular 
formula of biomass may be obtained (by dividing each result by the atomic 
mass of the specific element so giving the number of gram-atoms and 
normalising to a carbon unit of 1.0). The ash content of the biomass (oxidised 
mineral components) was not determined, however, as phosphorous typically 
comprises 50%  of the total ash (Bailey and Ollis, 1986), then an approximation 
for the residue can be made (proportion for phosphorous minus that of 
sulphur).
Analysis; C: 41 .8% , H: 6.5% , N: 11.3%, P: 2.64% , S: 1.11 (estimate for ash 
1.5%). By difference, O; 34.5%
(Number of g-atoms - C: 3.5, H: 6.5, N: 0.80, O: 2.15, P: 0 .085, S: 0 .034)
Empirical Formula; C H 1.8 5 O 0.6i N0.22P0.024S0.010 
Molecular Mass: 27.60g
The biomass elemental composition for S. thermonitrificans is in the same
Table 5.2 Elemental Analysis of Freeze-Dried Biomass of S. thermonitrificans 12 5
Flask Sam ple Element Proportion in Biomass___________ Standard
 --------------------------------------------------------  (%)_______________________ Deviation
Mean of A Carbon 41.4 0 .48
Mean of B " 42.2 0 .27
Mean of C " 41.97 0.26
Mean of A, B and C " 41.86 0.20
Mean of A Hydrogen 6.58 0.08
Mean of B " 6.53 0.06
Mean of C " 6.50 0.07
Mean of A, B and C " 6.53 0 .004
Mean of A Nitrogen 11.24 0.17
Mean of B " 11.48 0.01
Mean of C " 11.4 0.09
Mean of A, B and C " 11.3 0 .67
Mean of A Phosphorous 2.35 0 .04
Mean of B H 3.11 0.01
Mean of C " 2.46 0 .12
Mean of A, B and C " 2.64 ________________ 0.81
Mean of A Sulphur 1.23 0.35
Mean of B " 1.09 0.15
Mean of C " 1-00 0 .10
Mean of A, B and C "____________ 1.11______________  Q-12
Table 5 .3  Reported Biomass Compositions for Organisms using Glucose and 126
Ammonia as Sources of Carbon and Nitrogen.
proanism _________________ Elemental Formula________Reference
"Average" microorganism C H 1.79 Oo.50 Nq.20 Roels, 1980
Brevibacterium spp. CH-j 625 O 0.50 No.125 Erickson et al., 1979
Saccharomyces cerevisiae C H 1.7 O 0.5 No.17 W ang e ta l., 1967
Saccharomyces cerevisiae CH-i .64 O 0.52 No.16 Harrison, 1967
Saccharomyces cerevisiae C H 1.83 Oo.56 No.17 de Kok and Roels,1980
Saccharomyces cerevisiae CHi_qi Oo.51 No.17 W a n g e fa /., 1976
Candida utilis C H 1.83 Oo.54 No.17 Herbert 1976
Candida utilis C H i .87 O q.56 Nq.20
Candida utilis C H 1.83 O 0 CD 2
!
0 CD
Candida utilis C H i .87 Oo.56 No.20
Klebsiella aerogenes C H 1.73 Oo.43 N o.22
Klebsiella aerogenes C H 1.73 Oo.43 No.24
Klebsiella aerogenes C H 1.75 Oo.437No.17
'1
Escherichia coli C H 1.77 Oo.49 No.24 Bauer and Ziv, 1976
S. cattleya C H 1.6 Oo.58 No.17 Bushell and Fryday, 1983
S. thermonitrificans C H 1 85 O q.61 Nq.22 Present study
Table 5 .4  A Sum m ary of the Reported Stoichiometric Parameters for Some 
Organisms Derived from Analysis of Biomass Composition.
Underlined values are those determined by calculation (Section 5.5).
Organism_________________ Yield________ Reductance RQ Reference
(q.g glucose^ )
"Average" microorganism 0 .68 4.19 1 2 2 Roels, 1980
(mean of 19 formulae )
Brevibacterium spp. — 4.25 Erickson et al., 
1979
S. cerevisiae 0.50 4.19 1.04 Cooney etal.., 
W ang etal., 1977
Candida utilis 0.54 4.12 1.16 Herbert, 1976
Candida utilis — 4.27) — (M eans from
Klebsiella aerogenes Q M 4.20) 1.38 Roels 1980)
S. cerevisiae — 4.20) —
Escherichia coli Q.<?9 m l U Bauer and Ziv, 
1976
S. cattleya 0.78 3.93 0 .8 Bushell and 
Fryday, 1983
S. thermonitrificans 0.70 3.97 1.0 Present study
range as the composition reported for other species, shown in Table 5.3. A 1 
detailed fermentation analysis of the stoichiometry suggested by the elemental 
composition is presented in Section 5.4.1. The proportion of carbon in biomass 
(41.8% ) shown in Table 5.3 was used in the carbon balance analysis (Section 
5.5).
5.4.0 A Fermentation Balance Equation for S. thermonitrificans based on 
fitoichiometrv
A fermentation balance equation for biomass accretion based on stoichiometry 
may be calculated, based on the molecular formula for biomass of S. 
thermonitrificans ;
0.22 C6 H 12O 6 + 0-22 N H 3 + 0.30 O2 -»  CH-j.85 O 0.6 I N0.22 Po.022 So.010 
+ 0.22P  + 0.01 OS + 0.3 C 0 2 + 0.72 H20
(0.22 x 180 g glucose ->  27.34g biomass)
From this, a stoichiometric yield value (g cells/g substrate) may be calculated;
Yield = 27.60 g biomass, g glucose^- 
0 .22  x 180
= 0.70 g biomass g glucose-1 
= 126 g biomass mole glucose-1
A comparison between this stoichiometric yield value and the experimentally 
obtained value is discussed in section 5.9. A value for the degree of 
reductance of the biomass may be derived based on the analysis of Erickson 
(1979). In this analysis the number of available electrons in one g atom of 
biomass is determined assuming carbon has a reductance of 4, hydrogen 1, 
oxygen -2  and nitrogen in biomass and ammonia -3 (nitrate has a value of -2).
Reductance degree of biomass = 4 + 1.85(1) + 0.61 (-2) +0.22(-3) = M L
A stoichiometric RQ value may be derived;
RQ = Ratio of C02 output =
Input of 0 2  0.30
Therefore RQ = I Q
These results are summarised in Table 5.4, in which the values are compared
with available values for the same parameters from other organisms.
5.4.1 Determination of Stoichiometric Parameters for Klebsiella aerogenes.
Fscherichia coli and Roels 'average microorganism"
A balance equation for biomass accretion based on stoichiometry may be 
calculated for Klebsiella aerogenes  and Escherichia coli using the mean of 
the elem ental composition reported by Herbert, 1966 and Bauer and Ziv, 1976;
For K. aerogenes;
0.20  C $ H i2 0 6  + 0 .2 2  NH 3 + 0.145 O 2 —> CH-j 75 O 0.44 No.22
+ 0 .2  C 0 2 + 0.65 H20  
(0.20 x 180 g glucose ->  23.87g biomass)
Yield = 2 3 .8 7 / (0.20 x 180) cells, g glucose-1 = 0.66 g biomass, g glucose-- 
= 119 a biomass, mole glucose^-
RQ = Ratio of C02 output = 0.20 RQ = 1.38
Input of 0 2  0.145
For £. coli:
0.20 C 6 H 12O 6 + 0-24 N H 3 + 0.18 O 2 C H 1.77 O 0.49 No.24
+ 0.2  C 0 2 + 0 .68  H20  
(0.20 x 180 g glucose -> 24.97g biomass)
Yield = 24 .9 7 / (0 .2 0  x 180) g cells g glucose-1 = 0 .69 g biomass, g glucose- 
= 124 q biomass, mole olucose^-
Reductance degree of biomass = 4  + 1 .77(1) + 0 .49(-2) +0.24(-3) = 4.Q7
RQ = Ratio of C02 output = 0.20 RQ =. !•-!
Input of 0 2  0.18
For an "average microorganism";
0.20  C 6 H i2Q 6 + 0 .2 0  N H 3 + 0.15 0 2 -»  C H 1.7 9 O 0 .5 0 N0.20
+ 0 .2  C O 2 + 0.60 H2Q  
(0.20 x 180 g glucose ->  24.55g biomass)
Yield = 2 4 .55 / (0 .2 0  x 180) g cells g glucose-1 = 0 .6 8  g biomass, g glucose- 
= 122  a biomass, mole glucose^-
128
1
RQ =  Ratio of C02 output = Q M  RQ = L 3 3
Input of 0 2  0.15
5.4.2 Comparison of the Stoichiometric Parameters for S. cattleva. K.
peroaenes. E. coli and S. thermonitrificans
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S. thermonitrificans in comparison with S. cattleya, had a lower theoretical 
yield value of 0 .70 (compared to 0.78 for S. cattleya) and a slightly larger value 
for the reductance degree for biomass of 3.97 (3.93 for S. cattleya, Bushell and 
Fryday, 1983). The RQ for S. cattleya was considerably less than that for S. 
thermonitrificans (RQ of 0.8 for S. cattleya in comparison with 1.00 for S. 
thermonitrificans). The high yield value for S. cattleya was consistent with the 
oxidised state of the biomass (low value for the degree of reductance). In 
comparison with the calculated stoichiometric values for K. aerogenes, both 
streptomycetes showed yield values which were greater than the values for this 
organism; this would be expected from the reductance value for K. aerogenes  
(4.21). In addition, K. aerogenes was calculated to have a high RQ (1.33), as 
would be expected from the reduced state of the biomass. For E. coli, values 
for RQ, yieJd and reductance were close to those for S. thermonitrificans 
(degree of reductance of 4 .07 t yield of 0.69 and RQ of 1.1 for E. coli, in 
comparison with 4 .00, 0 .69 and 1.00 for S. thermonitrificans).
In the report by Bushell and Fryday the RQ for S. cattleya was markedly 
dissimilar to that of the microorganisms with which it was compared; a value of 
0.8 in contrast to 1.04 for the eukaryotes Saccharomyces cerevisiae and 1.16 
for Candida utilis. The addition of 3 further organisms for comparison appears 
to indicate a considerable stoichiometric difference between S. cattleya and 
other organisms, now including E. coli, K. aerogenes and S. thermonitrificans. 
Comparing the values for Roels "average microorganism" with S. cattleya and 
S. thermonitrificans, the RQ and reductance value for biomass of both 
streptomycetes tend towards a more oxidised state than the average. This 
may be a  general trend for the condition of the biomass of Streptomyces, but 
would require a larger body of information for comparison, and statistical 
analysis.
It is relevant to note that the yields derived from stoichiometry are potential 
maximal yields. They may be relevant in the comparison of strains, but the 
stoichiometric relationship takes no account of inefficiencies in energy 
transduction and is therefore never achieved in experimental culture.
Hence the reductance and RQ of S. thermonitrificans is in the same range as 
that of E. coli and S. cerevisiae, whereas S. thermonitrificans differs from S. 
cerevisiae in terms of yield. In addition, the stoichiometric parameters for S. 
thermonitrificans differ from those of K. aerogenes  and C. utilis as due to the 
reduced state of biomass for these two organisms, and from S. cattleya due to
the extremely oxidised state of the biomass of this streptomycete. However 13 0 
both S. thermonitrificans and S. cattleya tend to have biomass which is more 
oxidised than the "average microorganism" reported by Roels.
5.5 Fermentation Data Analysis
Based on the carbon balance shown in Figure 5.1, an experimental balance 
may be assessed by summation of the total organic carbon in the supernatant, 
the carbon in biomass and the cumulative gaseous carbon respired during the 
fermentation (inoculum concentration of 1%, 0.2g.h1 was assumed to be 
negligible). Total organic carbon analysis was performed using a Shimadzu  
TOC 50 analyser. The method is presented in Section 2.8.5. The fermentation 
balances are presented in Table 5.5.
The data show that all carbon can be accounted for. In addition, there was 
agreement between values for the total organic carbon in the supernatant and 
residual glucose (Table 5.6). This agreement suggests that extracellullar 
products were a  minor carbon drain to the organism. The residual carbon 
levels (at 29  hours and onwards), which which were somewhat different from 
glucose concentration data, can be considered due to both cumulative errors 
and low concentrations of undefined extracellular products. These extracellular 
products could include lysis products.
Biomass accretion, glucose uptake and cumulative C O 2 excretion were 
converted into common units of carbon (millimoles of carbon atoms), and a plot 
of biomass against glucose and carbon dioxide in millimoles resulted in curves 
which intersected. They were subjected to linear regression (Figures 5.11,
5.12 and 5 .13). By determination of the mean slope for the glucose utilisation 
curves (related to the yield with respect to glucose) and the mean slope of the 
CO2 curves (related to the yield with respect to CO2 output), a mean set of 
simultaneous equations were obtained. The data for determination of the 
mean values are presented in Table 5.7, from the equations presented below
For F17 y =116 .58  - 2.40x Glucose utilisation
y = -6 .3 5 + 1 .3 1 x C O 2 accumulation
For F20 y = 1 2 2 .1 6 - 2.69x  
y =  -3 .43 +1.49x
Glucose utilisation 
C O 2 accumulation
For F23 y = 129 .84 - 3.16x 
y = -5.26 +1.84X
Glucose utilisation 
C O 2 accumulation
The unit mMC should correctly be described as milligram-atoms of carbon 
All references to this unit therefore should be interpreted as references to the 
unit milligram-atoms of carbon.
Table 5 .5  Fermentation Carbon Balances (values of TO CA are corrected to 13 1 
allow 12 mM C due to citric acid as chelator in 579M M ).
Time Cumulative Biomass Total Sum Fermentation
(hours) C 0 2 (m MC) (mMC) Organic (mMC) Balance (%)
Carbon in
Supernate
(mMC)
Fermentation 17 (Initial Glucose Concentration = 113 mMC)
0-17.63h 3.0 12 98 113 100%
0 -25 .46h 22.5 29 54 105 93%
0-34.33h 73.1 24.8 12.3 110 97%
Fermentation 20 (Initial Glucose Concentration = 113 m MC)
0-21.88h 13.0 8.7 94 116 103%
0-25.37h 22.0 18.2 77 117 103%
0-30.1 h 51.3 40.0 18 109 97%
Fermentation 23 (Initial Glucose Concentration = 122 mMC)
0-19.35h 11.0 13.0 96.4 120.0 9 8 %
0-21 .02h 14.6 18.9 88.0 121.5 99%
0-29.13h 70.1 31.1 23.0 124.0 101.8%
Table 5 .6  Comparison of Values for TOCA with Values for Residual Glucose 
Concentration for the same Samples.
Time_______________ Glucose Concentration TO CA
____________  (m M C)___________________ (m MC)
Fermentation 17
17.63h 100 98.5
25.46h 60.0 54.6
34.33 0.0 12.3
Fermentation 20
21.88h 93 94.6
25.37h 73 77
30.15h 20 18
Fermentation 23
19.35h 93 96.4
21.02 91 88
29.13 14 23
The mean simultaneous equations are; 1
y -1 2 2 .8 6  - 2.75x Glucose utilisation (a)
y =  -5 .0 1 +1.54x C O 2 accumulation (b)
Hence the mean yield with respect to glucose is 1/ slope of equation a), the 
curve for glucose utilisation with respect to biomass concentration
Slope of line described by equation a = 2.75
Therefore yield = 1 g C in biomass, g C in glucose*1 
2.75
This value can be converted to g biomass, g glucose as shown below;
V x/s =  1 x 100 x 72 W here carbon in biomass
2.75 41.8 180 is 41.8%  of dry weight
(shown in Table 5.2) 
^ 0 .3 4  g biomass, a glucose^
Therefore an accurate experimental yield value for growth of S. 
thermonitrificans with 3g.l*1 glucose in 7 litre stirred tank bioreactor 
(Bioengineering);
Yx/s = 0.34 g cells.g glucose*1 
= 61.2 a cells.mole glucose^-
This result compares favourably with the experimentally-obtained yield values 
fo ra  range of mesophilic microorganisms, shown in Table 5.8, and with yield 
values obtained during fermentation development in which maximum yield 
values of 0 .25  g biomass.g glucose (45 g biomass per mole glucose) were  
obtained, suggesting the fermentation yield has been improved, and the 
fermentation optimised to some extent.
If this approach had been continued (using line equations for the various 
carbon components), time course data could have been obtained, by curve 
fitting to the variable-time plots. The rate relationships for accumulation of 
biomass, carbon dioxide and glucose utilisation could be obtained (as 
equations of the curves) and subsequently analysed to determine the mean 
relationships. The yield and rate equations could then be combined to give a 
three dimensional mathematical description of the fermentation; a model 
derived from physiological parameters. Hence, in subsequent fermentations, 
m easurement of carbon dioxide, with on-line data analysis would allow a
Figure 5.11
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Figure 5.14 Flow sheet of the Potential Use of Mass-Balanced Fermentation Data
Table 5.7 Parameters Derived From the Regressed Simultaneous Equations 1 
for Carbon dioxide Production and Glucose Depletion in Relation to Biomass 
Concentration.
Data Slopes of line Intercept Slopes of line Intercept
Set (glucose) O O rv>
(F17) -2 .40 116.58 1.31 -6.35
(F20) -2.69 122.16 1.49 -3.43
(F23) -3 .16 129.84 1.84 -5.26
Mean -2.75 122.86 1.54 -5.01
Standard
Deviation
0.38 6.6 0.26 1.47
Table 5.8 Yield factors for a Range of Microorganisms Grown on Minimal 
Media with Glucose as Substrate. (From Nagai, 1979).
Organism Yield (Q .a l) Yield (g.molel
Aerobacter aerogenes 0.40 72.7
Candida utilis 0.51 91.8
Peniciliium chrysogenum 0.43 1 1 A
Rhodopseudomonas spheroides 0.45 81.0
Pseudomonas fluorescens 0.38 68.4
S. thermonitrificans 0.39 70.3
Table 5.9 Stoichiometric and Experimental Growth Parameters Discussed in 
Section 5.8.
Param eter Location Type Value Comment
of Derivation (g biomass, mole glucose^ - I
Yield
Yield
Section 4.6 Theoretical 110
Section 5 .4  Stoichiometricl 26,0
Max growth Section 4.5 Experimental 95.4  
yield
Yield Section 4.5  Experimental 72.0
Yield Section 5.6 Experimental 61.2
Cytochrome c in 
respiratory chain. 
Stoichiometric 
balance equation 
Intercept on line of 1/p 
against 1 /yield 
Yield at a dilution rate of
0 .17 h '1 (6 g . l_1 glucose) 
Mean yield value for 
batch growth on 3 g.l-1 
glucose.
prediction of the physiological state of the fermentation to be made. This 1 
potential use of the results of mass-balanced fermentations is illustrated in 
Figure 5.14.
Physiological models of this type can be used for accurate analysis and 
comparison of fermentations, and are obviously very powerful in process 
control. They allow on-line access into aspects of the process which cannot be 
observed from on-line measurements. For a fermentation without a complete 
mass balance, analysis of this type is still suitable by allowing the 
uncharacterised product to be accommodated in a 'product' reaction subspace, 
defined in terms of quantity of carbon (Liao, 1989).
5.6 Discussion of the Experimental Results
The m ean experimental growth yield of 61.2 g biomass.mole glucose-1 is 
reasonably consistent with continuous culture data for the LH ferm enter grown 
in high-agitation conditions at a dilution rate of 0 .17h-1 (yield 72.0  g biomass, 
mole glucose-1, see Section 4.7). In view of the differences between the two 
culture systems, values falling into similar ranges may be regarded as 
consistent, and would not be expected to be identical. If the experimental 
growth yield in batch culture is compared with the maximum growth yield for 
growth in the chemostat (95.4 g biomass, mole glucose-1) it can be suggested  
that the total drain of carbon to maintenance was relatively high in this series of 
batch cultures and could account for up to 30%  of dissipated carbon. However, 
the short fermentation time (30-40 hours) minimised the influence of 
maintenance on biomass formation.
5.7 Discussion and Comparison of Experimental and Stoichiometric Yield 
Values
The stoichiometric and experimental values discussed in this paragraph are 
summarised in Table 5.9. From the data presented in this table, it m ay be 
concluded that there is a large discrepancy between maximal yield values and  
experimentally-obtained values; this deviation has already been partially 
discussed in 4.6.
Values for yield determined by stoichiometry and by extrapolation of 
knowledge of the cytochrome components of S. thermonitrificans are both 
similar (110 and 126 g biomass per mole glucose). Similarly experimental 
values for growth yields at high growth rates, in partially-optimised batch 
culture and in chemostat, are both similar (around 60-70 g biomass per mole 
glucose).
From the respiratory chain composition of S. thermonitrificans on the basis of 1 37  
difference spectra, it may be suggested that there are potentially 3 sites of 
energy conservation in the electron transport chain (because cytochromes b, c 
and a are present, and a proton-pumping cytochrome oxidase, aa-3).
Therefore, expected yield coefficients would be of the order of 110 g.m ole-1 
glucose (this has been discussed previously in section 4.6). The value for yield 
derived from the fermentation balance equation was 126 g biomass mole 
glucose-1. However, predicted and stoichiometric values for yield neglect 
energy for maintenance; this is potentially a source of the difference between  
stoichiometric and experimental growth yield values. Therefore, comparison of 
predicted yield values are more accurately made with the experimentally- 
obtained maximum growth yield; a yield value without maintenance (95.4 g 
biomass.mole glucose-1 for S. thermonitrificans). In this comparison, the 
difference between experimental and stoichiometric values is lessened; a value 
of 95 .4  g biomass, mole glucose-1 for the maximum growth yield, in contrast to 
the predicted values of around 110 -126g biomass, mole glucose-1. Therefore  
the maximum growth yield may therefore be regarded as loosely consistent 
with the values predicted by stoichiometry and predicted P/O ratios, when the 
drawbacks of these latter two estimations are taken into account.
It can be concluded that optimisation of the growth of S. thermonitrificans 
requires the creation of conditions conducive to maximum growth rates (and 
therefore minimal drain of the energy supply for maintenance requirements).
The yield equations derived for growth of S. thermonitrificans on 3 g.l-1 
glucose by regression analysis and determination of mean values, would be 
suitable for use as the basis of a model for growth in these conditions. It would 
be necessary to curve-fit the time course data from the off-line fermentation 
reports, and am algam ate the yield and rate relationships mathematically (by 
substitution and using the principles of Calculus) to give a three dimensional 
description of the fermentation. The physiological model would then be useful 
for testing out ideas, for formulating and planning experiments and for 
predicting the state of a fermentation from an on-line measurement. This 
approach could most usefully be applied in a dedicated microprocessor with 
software for fermenter control and data acquisition capable of operating in a  
multitasking mode; whereas the construction of the model could be carried out 
using advanced application software (such as Mathematica for the Macintosh).
5.8 Conclusions From this Chapter
This chapter has presented results both on-line, off-line, and microscopical, for
fermentations of S. thermonitrificans using medium containing 3g.l-1 glucose.
These fermentations are consistent, relative to the variability which is 13
characteristic of Streptomyces fermentations.
A theoretical analysis of the fermentation, based on stoichiometric 
relationships derived from the empirical formula for biomass has been  
presented. The theoretical values for reductance, RQ and yield in S. 
thermonitrificans, determined stoichiometrically, are reasonably similar to 
those of Escherichia coli and Saccharomyces cerevisiae. However they 
contrast markedly with those of S. cattleya and Klebsiella aerogenes, probably 
because of the oxidised nature of the biomass for S. cattleya and the reduced  
nature of the biomass for K. aerogenes.
Experimental results have been manipulated to give a relationship for biomass 
accretion, glucose utilisation and carbon dioxide output. From this relationship, 
an accurate experimentally-determined mean yield value has been obtained for 
growth in these conditions. This experimental yield value is reasonably 
consistent with yield values obtained at high growth rates in chemostat culture.
A comparison of the experimental and stoichiometric data has been made. The  
stoichiometric analysis and prediction (according to the respiratory chain 
composition) suggest thatS. thermonitrificans may conserve energy at up to 
three sites in the electron transport chain. The maximum growth yield of 95 .4g 
biomass per mole glucose (determined from chemostat culture) is consistent 
with this proposal. From these results an avenue for the optimisation of 
growth of S. thermonitrificans has been suggested. Optimisation of the growth 
of S. thermonitrificans would require the creation of conditions for growth at 
rapid growth rates, in which the carbon and energy dissipation as a result of 
maintenance processes is minimised with respect to the formation of biomass.
Fermentation data has been presented in this chapter with which data  
consistency can be assessed. The fermentation conditions developed for S. 
thermonitrificans, enable the implementation of reproducible fermentations on 
a minimal medium which give consistent growth data.
CHAPTER 6 1
6.0 Introduction
The quantitative investigation of the physiology of a thermophilic streptomycete 
expressing a  heterologous antimicrobial product, using the techniques 
discussed in the previous chapter, was the original project aim. However, a  
suitable recombinant strain of S. thermonitrificans, expressing a known 
heterologuous product, was not available at this stage in the project. W ork  
described in this chapter explains the approaches taken to alleviate this; 
however it was unsuccessful. If the creation of a recombinant strain of S. 
thermonitrificans, producing oxytetracycline, had been achieved, it would have 
enabled the scheme of work described in Section 6.1 to have been carried out. 
Sections 6 .2 -6 .4  describe attempts at plasmid transformation of S. 
thermonitrificans for the creation of a recombinant strain containing a plasmid 
with an insert encoding the oxytetracycline pathway. Sections 6.6 onwards 
describe the work involved in attempting to achieve the same end, using the 
technique of in vivo conjugation.
6.1 Planned Approach to the Study of a Recombinant Strain of S. 
thermonitrificans containing a Plasmid which Enabled the Formation of 
Oxvtetracvcline in Culture Broths
1. Assessment of the temperature range for biosynthesis in S. 
th erm on itrificans . S. rimosus (the host for the DNA insert) has a maximum  
growth tem perature of 34°C , a temperature at which S. thermonitrificans will 
also grow, although slowly. Therefore potential expression in S. 
thermonitrificans could be monitored at growth temperatures between 30-34°C . 
Growth and heterologous expression studies at 45°C  and 50°C  would identify 
whether oxytetracycline production at these temperatures would have been 
possible. If these growth temperatures were unsuitable for product formation 
then incremental increases in growth temperature from 34°C would have 
enabled the identification of temperatures for both reasonable growth of 
S.thermonitrificans and product formation.
Product formation at the elevated growth temperatures would have been 
potentially difficult: any enzyme on the biosynthetic pathway could have been 
thermolabile at these temperatures, or the product could have been rapidly 
degraded. It has been shown that low phosphate conditions are required for 
oxytetracycline biosynthesis in S. rimosus (Rhodes, 1984). It was not 
envisaged that the identification of nutrient conditions required for formation of 
the product would be a problem using a defined medium in which
components can easily be varied (such as 579MM ). 140
2. Copy number determinations under similar growth conditions as those 
to be used in mass balanced fermentations (using both S. thermonitrificans 
plJ916, the control strain and S. thermonitrificans pPFZ163). The plasmid
piJ916 and its derivative pPFZ163 are described in Section 6.4. It was 
expected that the plasmids would have been stable and in low copy-number (1- 
2 per cell). If these results had confirmed this, then subsequent fermentations 
could have assumed that copy number was invariant. If the results had not 
suggested this was the case, then copy number determinations would have 
been required for all biomass samples, and results would have required 
correlation with copy number, in concert with experimental variables.
3. Optimisation of fermentation parameters. The growth conditions for 
mass balanced fermentations (described in chapter 5 ) would have required 
optimisation for the recombinant S. thermonitrificans pFZ163 and the control 
S. thermonitrificans plJ916 cultures on a shake flask scale. Variation in the 
concentration of carbon source, phosphate concentration and nitrogen 
concentration in shake flask cultures would have been optimised, and the effect 
on productivity and efficiency of oxytetracycline biosynthesis assessed. The  
effect of feeding additional glucose during stationary phase and the influence 
on productivity of the culture would have also be assessed. A regime for 
fermenter scale cultivation would have been devised based on these results.
4. Mass balanced fermentations with S. therm onitrificans  piJ916 and S. 
th e rm o n itrifican s  pPFZ163 at 34°C and 45°C (or alternative suitable 
tem peratures identified in 1. above). Product analysis by HPLC (for 
oxytetracycline), would have been required in addition to the analyses  
described in Chapter 5. A quantitative description of the carbon balances for 
the recombinant fermentations could then have been made.
4. Comparison of the carbon balances of the fermentations at the two 
tem peratures would have enabled the final assessment - Can antibiotics be 
produced more economically and efficiently at elevated temperatures?
6.2 G ene Transfer in Streptomvces
Streptomycetes are amenable to gene transfer using a number of approaches, 
plasmid transformation mediated by PEG (Bibb et a i,  1978), natural plasmid- 
mediated conjugation (Bibb eta l., 1977), phage-mediated transduction 
(Stuttard, 1979), protoplast fusion induced by PEG (Hopwood, 1977), 
transfection by phage DNA (Suarez and Chater, 1980a) and PEG-induced
transformation by chromosomal DNA in liposomes (Makins and Holt ,1981). 
Plasmid transformation mediated by PEG and plasmid-mediated conjugation 
were used in this project and will be briefly described (6.3 and 6.5).
6.3 Plasmid Transformation in S. thermonitrificans
The developm ent of techniques for plasmid transformation of S. 
thermonitrificans is described in detail (Czaplewski, 1989). A brief summary is 
given here (media and protocols are described in Materials and Methods).
The introduction of plasmids into streptomycetes by transformation requires 
that protoplasts can be formed, that a suitable compatible vector for 
propagation in the putative transformant exists, and that the protoplasts can be 
regenerated. In this project (work described in Czaplewski, 1989) novel 
protoplast formation and regeneration techniques suitable for S. 
thermonitrificans had to be developed, together with identification of vectors 
able to replicate at elevated temperatures. Initial transformation studies using 
DNA from S. lividans were  unsuccessful, and efficient transformation was only 
achieved with DNA propagated in S. aibus. It was postulated that this was due 
to a potential restriction barrier, based on experiments using a host-range 
actinophage mutant. The transformation protocol for S. thermonitrificans 
specifies that vector DNA is propagated in S. albus to circumvent any potential 
restriction barrier.
S. thermonitrificans was found to require specific conditions for protoplast 
formation. Mycelium was cultivated at 37°C  in TSB for 20 hours, followed by 
an incubation step in the presence of lysozyme. This incubation step caused  
cleavage of 8 1-4 linkages in peptidoglycan, enabling partial digestion of the 
cell wall to leave intact protoplasts. The concentration of lysozyme required for 
protoplast formation of S. thermonitrificans (0.25 mg lysozyme per ml of 
osmotically-stabilised buffer) is lower than that used for mesophilic 
Streptomyces (e .g 5 m g.m M , Hunter, 1985; 1 m g.m l'1, Hopwood eta !., 1985). 
Protoplasts w ere formed in 30-40 minutes at 30°C , and could be visualised 
through the microscope as spheres subject to Brownian motion. Protoplasts 
had to be manipulated in isotonic buffers for successive steps to prevent 
hypotonic lysis or plasmolysis. DNA was introduced by plasmid transformation 
into protoplasts in the presence of high molecular-weight polyethylene glycol. 
The transformation mix was then plated onto solid regeneration medium. 
Regeneration medium was specifically designed for this strain, and contained a  
precise balance of divalent cations together with mannitol to act as an osmotic 
stabilizer. Mannitol replaced sucrose which is conventionally used as an 
osmotic stabilizer but is inhibitory to growth of S. thermonitrificans.
Thiostrepton was the predominant plasmid selection marker used in studies 142  
with S. thermonitrificans. Direct selection for resistance to thiostrepton on 
protoplasts is not possible, as resistance to thiostrepton requires methylation of 
ribosomal RNA. A period of time must elapse during which ribosomal 
methylation may occur, prior to selection on the basis of thiostrepton 
resistance. For S. thermonitrificans around 18-20 hours was found to be a 
suitable period of time for regeneration, and resistant colonies could then be 
positively selected using thiostrepton overlays to a final surface concentration 
of 10 pg per plate.
6.4 Reasons for the proposed use of an alternative recombinant 
S. thermonitrificans strain, based on a low copv-number vector, in preference 
to S. thermonitrificans PBROC139. which is based on a high copv-number 
vector
A strain of S. thermonitrificans containing the plasmid pBRO C139 was 
constructed (Czaplewski, 1989). It became apparent that the use of this 
recombinant strain was complicated by the unidentified nature of the yellow  
product expressed from pBROC139 (described in detail in Chapter 7). In 
addition the use of a high copy-number vector on which the plasmid 
pBROC139 is based (pi J702), is not ideal for this project, for reasons detailed  
below.
The use of high copy-number vectors complicates accurate study of expression 
from pathways encoded on the vectors for a number of reasons. In E. coli, 
specific growth rates decreased by up to 70%  for increasing plasmid copy 
number, with high copy- number Col E1 based vectors, in 2 litre stirred tank 
bioreactors (Betenbaugh eta!., 1989). In addition, a  decline in recombinant cell 
viability w as observed. Conversely, it has been shown that the plasmid copy 
number (for high copy-number plasmids in E.coli) decreases with increasing 
growth rate (Lee and Bailey, 1984). Intuitively, these results would be 
expected, as plasmid replication and pathway expression would represent a  
metabolic burden on the host, and a reduction in growth rate, culture viability, 
or plasmid copy-number may be considered to be a predicted outcome. By 
extrapolation to Streptomyces, similar changes in growth kinetics may be 
expected to occur. In addition, copy-number experiments in S. Hvidans, using 
plJ303 , a  plasmid based on the plJ101 replicon, have shown that total plasmid 
copy num ber varied from 270 copies per cell at 9 hours in a  specific S. fividans 
fermentation, to 650  copies per cell after 50 hours of cultivation (Richards and 
Ward, 1990). The use of high copy-number vectors in Streptomyces, such as  
those based on the pfJ101 replicon, further complicate studies because 
formation of product may reach a limit defined by the availability of intracellular
components such as substrate, precursors, RNA polymerase, ribosomes, and 143  
specific cofactors required for expression. Cloned-gene expression in E. coli 
has been shown to be limited by the cellular transcription capacity, which 
beyond a  threshold, is independent of promoter strength of the specific gene, 
or of plasmid copy-number (Peretti and Bailey, 1987).
In contrast to high-copy number plasmids based on the plJ101 replicon (on 
which plJ702 is based), streptomycete low copy-number plasmids based on 
the SC P 2 replicon have reported copy numbers of 1-2 per cell (Lydiate e ta l.,
1985). Titration of intracellular effector molecules is therefore less likely to 
influence production profiles from low-copy number plasmids in Streptomyces. 
Therefore a low copy-number vector was considered to be more suited to the 
ultimate implementation of the pro ject, than a plasmid based on a high copy- 
vector such as plJ702.
The biosynthetic pathway for oxytetracycline formation by S. rimosus was 
cloned and expressed in the heterologous hosts, S. Hvidans and S. albus on a 
low copy-num ber SCP2-based plasmid, plJ916 (Binnie e ta l., 1989). The  
Pfizer plasmid encoding the cluster for oxytetracycline biosynthesis on an SC P- 
2 based vector (plasmid pFZ163) was therefore a suitable candidate for 
attempted transformation into S. thermonitrificans. In addition, study of the 
expression of the oxytetracycline biosynthetic pathway was ideally suited to the 
project in view of the industrial and economic importance of the product; the 
academic relevance of polyketide antibiotics; the library of information 
concerning tetracycline biosynthesis (Behai eta l., 1987), and the ease of assay 
(HPLC analysis techniques developed at Pfizer were available).
Oxytetracycline is a modified tetracycline antibiotic of the polyketide class 
discovered in the 1950s. The tetracyclines possess similar, but slightly 
different activity spectra and differ only in substituents attached to the 4-ring 
structure. Oxytetracycline is the sole tetracycline antibiotic produced by natural 
strains of S. rimosus, and a postulated biosynthetic pathway derived from 
malonyl CoA subunits has been described (Binnie et al., 1989). Isolation of 
mutants blocked in oxytetracycline biosynthesis is detailed in the paper by 
Rhodes e ta l.,  (1981); a further paper describing the cloning of resistance 
genes and structure of the gene cluster involved in biosynthesis has been 
published (Butler e ta l., 1989). In addition to HPLC analysis detailed above, a  
simple bioassay using Bacillus subtilis as the sensitive organism for 
quantitation of the antibiotic was available, described in Section 2.14.
The plasmid pFZ163 was made available for the project by Pfizer, Sandwich,
Kent, supplied in the strain S. albus G153 (a  restriction minus, modification
plus strain) Plasmid pFZ163 contains a DNA fragment 30 Kb in length (Binnie14 4  
etal., 1989), cloned into the unique Eco R1 restriction site of plJ916. As 
described previously, this plasmid is a low copy-number vector and carries an 
antibiotic selection marker, tsr (the thiostrepton resistance gene) and the 
SCP2 origin of replication.
6.5 Attempted Transformation of S. thermonitrificans with dFZ163
Plasmid DNA was prepared from S. albus according to the neutral lysis 
method for SC P2-based plasmids (Hopwood eta l., 1985). This method was  
chosen as it did not involve a DNA denaturation step and large volumes of 
culture could be manipulated easily. As the plasmid was large (50 Kb) and 
susceptible to shear, the DNA was treated very gently. Using this method 
about 30pg of DNA could be obtained from 500 ml of harvested cells.
Introduction of plasmid pFZ163 by transformation was attempted in S. 
thermonitrificans using typically 300 ng-1pg of plasmid DNA. However, no 
transformants containing pFZ163 were obtained, reasons for which are 
discussed later in the chapter. Control transformations using 300 ng of plJ916  
and piJ702 were used to measure and compare transformation efficiency of 
plasmids with S C P 2 and plJ101 replicons respectively. The DNA was initially 
passaged through S. albus prior to introduction into S. thermonitrificans, for 
reasons discussed previously (Section 6.1). Regeneration controls were run in 
parallel to the transformation experiments by plating putative protoplasts on 
regeneration media and media lacking osmotic support, to measure protoplast 
viability. Mock transformations, (lacking DNA) were also used, with and without 
selective overlays, to confirm the efficacy of the selection technique.
Regeneration efficiency was normally between 107 and 109 per 100 pi of the 
protoplast mixture. Transformation efficiency with SCP2-based vectors (piJ916) 
was known to be 100 fold lower compared to that of plJ702 in S. 
thermonitrificans (Czaplewski, 1989). In this work, transformation efficiency 
with plJ702 was reproducibly between 103 - 104 transformants per pg DNA, 
whilst that of plJ916 was between 10_1 and 1 0 '2 transformants per pg, 
transformation efficiencies which agree with those described in Czaplewski,
1989. In general, transformation efficiency was found to be partially-dependant 
on the quality of the protoplasts.
The plasmid pFZ163 (prepared in this work, from S. albus) was used to 
transform S. lividans TK 54 and TK64 protoplasts to check the transformational 
capacity of the plasmid DNA. A relatively high transformation efficiency was 
achieved, in the order of 103 -1 0 4 protoplasts per pg DNA. Colonies of 
putative S. lividans transformants were patched onto selective agar containing
thiostrepton (at 10 pg/ml); resistance to oxytetracycline or tetracycline cannot 1 
be used to identify expression of the resistance genes from the oxytetracycline 
pathway as S. lividans is endogenously resistant to oxytetracycline. All 
transformants were found to be stably resistant to thiostrepton. The integrity of 
the DNA was checked by assessing expression of oxytetracycline using the 
bioassay described in Section 2.14. Oxytetracycline and a brown coloured 
pigment (a breakdown product of oxytetracycline produced in cultures which 
express oxytetracycline) were both expressed in all the S. lividans 
transformants. From the above it can be concluded that plasmid pFZ163  
prepared during this work is both viable and functional in the heterologous host 
S. lividans.
The failure to introduce plasmid pFZ163 by transformation intoS. 
thermonitrificans is unsurprising, although disappointing. The plasmid is 2.5  
times the size of pi J916, which itself has a low transformation efficiency (10 1 - 
102 per pg DNA) in S. thermonitrificans and consequently results in 2.5 times 
fewer D N A  molecules in the reaction mix compared with piJ916 (on a pg 
basis). This could be circumvented by using large amounts of DNA; however, it 
was difficult to obtain such large amounts of the large, low copy-number 
plasmid. The large size of pFZ163 may also have increased the likelihood of 
host restriction-modification mechanisms leading to poor transformation 
efficiency (the larger the molecule the greater the likelihood of it containing a 
recognition site for a restriction endonuclease). A minor restriction barrier is 
thought to exist between S. thermonitrificans and S. albus. Consequently, it is 
possible that the large size of the plasmid reduces the chance of overcoming 
this. Difficulty with transformation of large plasmids has been described 
(Czaplewski, 1989: Leonardo e ta l., 1990).
Hence transformation of S. thermonitrificans with pFZ163 was unsuccessful.
The method of conjugation was identified as an alternative method for 
introduction of the oxytetracycline pathway.
6.6 Conjugation and the Applicability of the Technique to this Study
In view of the lack of success using in-vitro plasmid transfer, it was decided to 
adopt an alternative approach using in-vivo gene transfer methodology.
Plasmid plJ940 is a 24.9 kb streptomycete vector, containing the SCP2 origin 
of replication, the mobilisation functions encoded by tra and also the 
resistance determinants for hygromycin and thiostrepton (hyg and tsr). It was 
therefore identified as a suitable conjugative vector for use in this work. 
Conjugation in Streptomyces has not been characterised, and no information 
exists about either the formation of mating pairs, pili or DNA transfer.
Conjugative plasmids were originally identified in Streptomyces coelicolor 14 6 
A3(2) in 1957, when plasmids S C P 1 and S C P 2 were identified. S C P 1 was 
found to exist in either an autonomous form or an integrated form (Hopwood,
1957; Vivian, 1971; Bibb 1977). S C P 2 can act as an efficient sex-factor without 
stably-interacting with the host chromosome (Hopwood and Chater, 1986). 
Conjugation between E. coli and S. lividans has been described (M azodier et 
a l, 1989); also between Streptomyces in soil (Wellington e ta l., 1990) whilst 
interspecific mating is thought to be the major recombinational event occurring 
within the streptomycete soil population (Raffi eta l., 1989).
Transfer of genetic information by conjugation in E. coli relies on transfer of 
single stranded DNA via cell-cell contact from a donor to suitable host. This 
process is plasmid-encoded and includes the formation of conjugative pili, the 
nicking and initiation of DNA transfer at the o r/T  site, separation of the two 
DNA strands and strand transfer. In the recipient, complementary strand 
synthesis of the DNA occurs according to the methylation status of the 
recipient, using host-encoded rather than plasmid-encoded functions. In 
contrast, replacement strand synthesis in the donor follows the methylation 
status of the donor. Some mobilisation of the chromosome of the host may 
occur for integrated plasmids in E.coli, although chromosome mobilising ability 
is not well-understood (Willetts and Wilkins, 1984; Chater and Hopwood, 1989).
The restriction of unmodified DNA relies on recognition of specific double 
stranded sequence; therefore transfer of DNA in a single-stranded form may be 
a mechanism which could be used to alleviate restriction barriers between  
species. Following conjugative strand synthesis in the host cell, the modified 
DNA is no longer a suitable substrate for restriction. The mechanism of DNA  
transfer by conjugation in E. coli (Gram positive) must necessarily be different 
to that in Streptomyces  (Gram negative), due to differences in cell wall 
structure and membrane arrangement. However, the hypothesis for 
overcoming restriction barriers by transferring DNA in the single stranded form 
may still hold for inter-species transfer in Streptomyces, as intergeneric transfer 
between Streptomyces  and E. coli has been shown (M azodier e ta l., 1989).
It was therefore decided to attempt this strategy for transfer of the pathway for 
oxytetracycline production into S. thermonitrificans.
A conjugative plasmid (pGLW 101) was constructed by allowing co-cultivation of
S. lividans TK64: pFZ164 (control product from experiment described in 6.2) 
and S. lividans TK54: plJ940 (a strain containing the conjugative Streptomyces 
plasmid described previously), see Figure 6.1. The construction of pGLW101 
in S. lividans TK 64 was the work of I. Hunter (personal communication). S. 
lividans transconjugants were selected on the basis of plasmid encoded  
hygromycin resistance and chromosomally-encoded streptomycin resistance.
tsr
pFZ163
X
TK64 pro-2, str-6
(proline auxotroph 
streptomycin resistant)
S. lividans TK64:pFZ163
Looking for transfer of the 
to S.lividans TK64, and 
the thiostrepton resistan 
conjugative plasmid cont^i 
inserted in plasmid pFZ1
tsr
pi J940
147
TK54 his-2, leu-2,spc-1
(histidine and leucine auxotroph, 
spectinomycm resistant)
S. lividans TK54;plJ940
conjugative plasmid plJ940 
homologous recombination at 
gene tsr, to give a 
ining the OTC pathway 
63.
ce
Select for streptomycin and 
hygromycin resistance - putative 
S.lividans TK64:plJ940 
transconjugants
t
Screen for pro -, spc?, OTC R 
transconjugants - transconjugants 
which have undergone homologous 
recombination
i r
S. lividans TK64:pGLW101
Figure 6.1 Diagrammatic Representation of the Strategy employed in the
construction of the Strain S. //V/c/ar?sTK64:pGLW101 (I. Hunter, personal
communication).
148
pi J 9 4 0
Hyg
TK54 his-2, leu-2,spc-1
(histidine and leucine 
auxotroph, spectinomycin 
resistant)
S. lividans TK54;plJ940
x
Plasm id-
Free
TK64 pro-2, str-6
(proline auxotroph, 
streptomycin resistant)
S. lividans TK64
Select for thiostrepton resistance 
and screen for spectinomycin 
sensitivity - putative S. lividans 
TK64:plJ940 transconjugants
i r
Check that putative transconjugants are hygromycin 
resistant
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Figure 6.2 Diagrammatic Representation of the Strategy used in the 
Construction of the Strain S. lividans TK64:plJ940
Table 6.1 Intraspecific Conjugation Results 
Antibiotic Selection________CFU/ml____________ Comment
1
Streptomycin (A) 3.6 (+ /-0 .2 ) x1010 Total population of S.lividans
(ineffective in use) TK54 and TK 64 with and
without plasmid
0.1) x1010Total population of S.lividans 
TK54 and TK 64 with plasmid- 
encoded thiostrepton 
resistance
Spectinomycin (C) 2.6 (+ /- 0.5) x108 Numbers of S.lividans TK 54 in
the total population (selection 
against S.lividans TK64)
Thiostrepton + (B) 2.3 ( +/-
Streptomycin
(ineffective in use)
Spectinomycin + (D) 2.7 (+ /- 0.1) x108 Numbers of S.lividans TK 54
Thiostrepton plJ940 in the population.
Putative transconjugants were then screened on the basis of proline 150
requirement on minimal media (a secondary chromosomal marker), 
spectinomycin sensitivity (the alternative S. lividans strain, S. lividans TK 54 is 
resistant to this antibiotic) and oxytetracycline resistance (encoded by the 30Kb  
pFZ163 insert). Subsequent physical isolation of the plasmid pGLW 101 by M. 
Butler (Pfizer) has recently shown that the conjugal plasmid contains vector 
piJ940 sequence with an insert corresponding to the insert in plasmid pFZ163  
flanked by thiostrepton resistance determinants (I. Hunter, personal 
communication). The presence of two tsr sequences flanking the insert may 
have induced insert instability, but this was not quantitated.
6.7 Intraspecific Conjugation - the Construction of S.lividans TK64:plJ940
The plasmid pGLW 101 was available in S. lividans TK64. However the vector 
alone, p lJ940, the control plasmid for this experiment, was available only in S. 
lividans TK54. Therefore an intraspecific conjugation experiment was required 
to provide the donor strain, S. lividans TK64:plJ940.
The strain construction is shown diagrammatically in Figure 6 .2 . Plasmid 
plJ940 was constructed by mixing S. lividans TK54: plJ940 spores with an 
excess of S. lividans TK 64 spores. These were incubated at 30°C  for 10 days 
and the spores harvested. Dilutions of the spores from the mating mixture 
were plated in duplicate on soya-mannitol agar and were replica plated in 
triplicate to soya-mannitol agar containing spectinomycin to select for S. 
lividans TK 54 (plasmid-free and plasmid-containing versions), spectinomycin 
and thiostrepton, to select for S. lividans TK54: plJ940; and to soya-mannitol 
agar containing streptomycin and thiostrepton. Ordinarily, streptomycin would 
be used to specifically select the strain S. lividans TK64 (plasmid-free, and 
plasmid-containing versions) and medium containing spectinomycin and 
thiostrepton would be specifically selective for S. lividans TK64:plJ940.
However a selection strategy for S. lividans TK64 based on negative selection 
was employed for reasons discussed in the following paragraph.
Streptomycin resistance was found to be unsuitable for use as a marker in 
these experiments, possibly due to degradation, or biological inactivation of the 
antibiotic. Controls showed that S. lividans TK64 (the laboratory stock strain) 
was capable of growth on medium containing streptomycin. Streptomycin may 
easily be biologically inactivated (I. Hunter, personal communication) and in 
some laboratories solid streptomycin is added to media immediately prior to 
use, with no preliminary solution step, to prevent degradation and inactivation 
processes (C. Owen, personal communication). In retrospect, use of this 
method for the preparation of streptomycin selection
media might have alleviated the problem. Negative selection was used for the 15 1 
selection of S.lividans TK64 based on sensitivity to spectinomycin. All other 
selection strategies were checked prior to initiating the experiment, and were  
observed to function as predicted.
Colonies from plates containing streptomycin and thiostrepton were screened  
for spectinomycin sensitivity, by patching onto soya-manitol agar containing 
thiostrepton with and without spectinomycin. Colonies which were  
spectinomycin sensitive and thiostrepton resistant were identified as putative S. 
lividans TK 64:plJ940 transconjugants. The screening of transconjugants is 
described in 6.7.
6.8 Frequency of Transconiuaation of plJ94Q
The frequency of transconjugation may be determined by difference (see Table  
6.1). The numerator, the total number of S.lividans TK64:plJ940  
transconjugants (B-D), is given by the number of plasmid containing colonies 
(of both S. lividans TK 64:940 and S. //V/da/?sTK54:940), B , minus the number 
of plasmid containing colonies known to be S. lividans TK 54:940 (resistant to 
spectinomycin and thiostrepton), D. The denominator (A-C) is the total 
population of S. lividans TK64 and TK54 (A) minus the numbers of S. lividans 
TK54 colonies, (resistant to spectinomycin), C.
Therefore; the frequency of transconjugants (per recipient) = (B - D)
( A - C )
= 0 .63 transconjugants per recipient
This result is high, but may be explained by virtue of the large excess of S. 
lividans TK 64 spores in the mating mix, the length of cultivation time (10 days), 
the filamentous form of growth in which spread within mycelium may occur 
(Wellington e ta l.,  1990) and the intraspecific nature of the conjugation.
The efficiency of transconjugation was checked by patching 100  colonies from 
athiostrepton-containing plates (the plasmid-containing population) onto media 
with thiostrepton and spectinomycin (to select for S. lividans TK 54), and 
thiostrepton alone. The results suggested that around 85%  of the plasmid- 
containing population were S. lividans TK64 transconjugants in reasonable 
agreement with replica-plating data.
6.9 Screening of Putative Transconjugants 1
Ten colonies of the proposed transconjugants (from the colony patches 
described above) were cultivated on selection media containing thiostrepton 
and hygromycin, or containing thiostrepton, hygromycin and spectinomycin 
(together). All colonies were resistant to thiostrepton and hygromycin and  
sensitive to spectinomycin. It can be concluded that these colonies have 
arisen from S. lividans TK64 transconjugants. A colony was chosen for use in 
the interspecific mating to S. thermonitrificans and spore samples prepared.
6.10 Interspecific Conjugation - An Attempt to Construct S. thermonitrificans 
pGLW101
An attempt to construct S. thermonitrificans pGLW101 is described in this 
section, using the strains S. thermonitrificans, S. lividans TK 64;pG LW 101, with 
S. lividans TK 64:plJ940 as a control plasmid. The experimental strategy is 
described in Figure 6.3. However, plasmid transfer with the control plasmid did 
not occur.
It was necessary to have at least one marker to select for the transfer of 
plasmid, one to select for the donor strain and one for the recipient strain. In 
the conjugation experiment 4 factors existed on which discrimination could 
occur;
1. S. thermonitrificans is resistant to spectinomycin, in contrast to S. livdans 
TK64 which is sensitive,
2 . Growth tem peratures- S. lividans will not grow at 45°C , whereas
S. thermonitrificans grows optimally at this temperature. Both strains can be 
cultivated at 37°C,
3. Thiostrepton resistance - encoded on plasmid plJ940,
4. Hygromycin resistance - encoded on plasmid piJ940.
5. lividans sporulates on soya medium, forming around1 0 i °  spores per plate, 
whereas S. thermonitrificans has a lower efficiency of sporulation on this 
medium (107 -10 8 per plate). Soya medium was used for co-cultivation (at 
378C) as both strains sporulate on this medium, in contrast to alternative 
media. Spores from S. lividans TK64: plJ940 and S. thermonitrificans were 
mixed in the ratios 1 :1 ,1 0 :1 , 10 2 :1 , 10 3 :1 , 10 4 :1 , 10 5 :1 (analysed by counting 
spore colony forming units as described in Materials and Methods), and plated 
onto non selective agar at 378C. Spores were collected after 5 days of co­
cultivation. The spores were plated onto spectinomycin-containing soya 
mannitol agar and cultivated at 453C for selection of S. thermonitrificans, to
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S. thermonitrificans
(spectinomycin resistant)
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TK64 pro-2, str-6
(proline auxotroph, 
streptomycin resistant)
S. lividans TK64;plJ940
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putative S. thermonitrificans 
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Figure 6.3 Diagrammatic Representation of the Strategy used in the 
attempted Conjugation of S.lividans TK64:plJ940 with S.thermonitrifcans.
select S. lividansTK64:plJ940, spores were plated onto medium lacking 1 54  
spectinomycin and incubated at 30^C. Thiostrepton-containing plates were also 
used in each case for the selection of plasmid-containing strains.
In all experiments 5 x 10 10 spores were obtained for S. lividans TK64: plJ940  
under the correct selective conditions (30®C cultivation temperature). In only 
one experim ent were S. thermonitrificans colonies recovered, using spore 
ratios of 1:1. S. thermonitrificans was recovered for spore ratios of 1 :1 at a 
concentration of 4 x 102 per plate (alternatively expressed as per mating), a  
relatively low concentration compared to S. lividans. None of the colonies 
possessed resistance to either thiostrepton or hygromycin as determined by 
replica plating, or by direct antibiotic selection and it is concluded that plasmid 
transfer had not occurred.
The optimisation of spore concentration was not attempted. However, because 
because S. thermonitrificans was recovered as a very low proportion of the 
mixed population, the balance of spore concentration for the original 
experiment may have been far from optimum. It was also suggested that a 
microbial product of S. lividans could be inhibitory to growth of S. 
thermonitrificans, or that the growth of S  lividans at 37°C  could out-compete S. 
thermonitrificans for vital nutrients, by growing more luxuriantly and sporulating 
more profusely. The presence of an inhibitory compound excreted from S. 
lividans was tested by streaking colonies of S. thermonitrificans in close 
proximity to S. lividans. No growth inhibition occurred, suggesting that co­
cultivation of S  lividans and S. thermonitrificans could occur. However, 
competition on the basis of growth fitness on the media used may be a factor in 
the low recovery of S. thermonitrificans from the mating mixture.
Further work in the laboratory identified that interspecific transfer of piJ940 to 
S. thermonitrificans was possible in that thiostrepton and hygromycin resistant 
colonies were obtained from interspecific crosses with piJ940 as the conjugal 
vector, but were not analysed (I. Hunter, personal communication). In 
conjugation experiments with S. thermonitrificans and S. lividans pGLW101  
(construction described in 6.4) no transconjugants were recovered. The  
precise reasons for the lack of isolation of transconjugants using the large 
plasmid pGLW 101 were not investigated.
6 .11 Conclusions. Discussion and Future Work
Repeated experiments in transformation of pFZ163 to S. thermonitrificans 
yielded no transformants. This could be due to the large size of the plasmid, 
coupled with the low transformation frequency with SCP2-based plasmid
vectors in S. thermonitrificans. It has been suggested that development and 1
optimisation of regeneration media and protoplasting techniques should be 
continuous, each new advance requiring re-optimisation of existing techniques 
(Czaplewski, 1989). Increases in transformation efficiency, by following this 
development strategy, may enable transformation of S. thermonitrificans with 
plasmid pFZ163 at a later date.
Optimisation of conjugation with control strains of S. lividans TK64: plJ940 to 
give high transconjugation frequencies might be possible, in which case further 
attempts with pGLW 101 may yield transconjugants. The use of S. albus as 
the donor species for conjugal plasmids may enable greater transconjugation 
frequencies to be achieved with plJ940, or alternatively, a strain cured of the 
plasmid plJ940 may be more efficient in subsequent experiments as a 
recipient. In either case, conjugation of either S. albus pGLW101 or S. lividans 
pGLW101 with S. thermonitrificans may be successful with further 
developmental work.
Chapter 7 156
Expression, Isolation, and Preliminary Purification and Identification of the 
Product from S. thermonitrificans pBROC139.
7.0 Introduction
Plasmid pB R O C I 39 contains a 5.3 kb DNA insert from a Sau\lla digest of 
S.clavuligerus total DNA, inserted into the Bgl II site of the streptomycete high 
copy number vector plJ702 (Katz e ta l. , 1983). It confers on S. lividans, the 
ability to produce a yellow compound and was originally suggested to encode 
the complete or partially complete pathway for the production of the antibiotic 
holomycin (M. Burnham, personal communication). A strain of S. 
thermonitrificans containing pB R O C I 39 was constructed (Czaplewski, 1989) 
to assess the feasibility of producing antibiotics in Streptomyces at elevated  
temperatures.
This chapter describes the preliminary studies undertaken to assess the 
expression of a yellow product at temperatures up to 50°C  in S. 
thermonitrificans (Section 7.3). In addition, the attempted identification of the 
product by comparison with a holomycin standard will be discussed (Section 
7.4). As a  result of this investigation the product has been shown not to be 
holomycin. Attempts to purify the uncharacterised product are described in 
section 7 .5  and 7.6, whilst the structural elucidation of the purified sample is 
described in section 7.8. It has been tentatively suggested that the pigmented 
broth formed as a result of growth of S. thermonitrificans pB R O C I 39 might 
contain two pyrrothine antibiotics; aureothricin and isobutyropyrrothine.
7.1 Holomvcin
Holomycin is a yellow, antimicrobial agent produced both by S.griseus 
N R R L2764 and by S.clavuligerus (Ettlinger e ta l, 1959: Kenig and Reading, 
1979). It is a m em ber of the pyrrothine class of antibiotics and is an inhibitor 
of a wide range of bacteria including Sarcina lutea NCTC 8340, 
Corynebacterium diptheriae and Streptococcus pyogenes  (minimum  
inhibitory concentrations for the latter 2 strains are 1 (ig.ml'1 , Gaumann,
1961). It is a particularly potent inhibitor of growth of Flavobacterium spp.
C 2116 (Kirby, 1978), and as such this bacterium is used in the bioassay of 
holomycin activity. The chemical structure of holomycin is given in Figure 7.1 
and its chemical characteristics, in Figure 7.2. A sample of pure holomycin (1 
mg) was provided by Pfizer for this investigation.
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Figure 7.1 Structure of Holomycin
Holomvcin
Isolation: extracted from culture filtrate with ethyl acetate 
Nature: Neutral, orange-yellow rhombic 
Melting point: 264-271 °C
Analysis(%): C 39.25, H 2.79, N 13.07, S, 29.77, C H 3 CO  21.38, C -M e 7.0  
UV max in unspecified so lven t: 245, 302 and 390 nm 
Theoretical Proportions (calculated according to formula C7H6O 2N2S2); C 
39.2% , H 2 .8% , N 13.0% , S 29.9% , O (by difference) 15%
UV max in methanol (e) ; 246 (4665), 301(2354) and 388 (7918) nm 
1H N M R  spectrum (90M H z, DM SO -d6) 9 :1 .9 8  (3H, s, CH 3CO -), 6 .97  (1 H, s, 
>C =C H ), 9 .75  (1 H, s, -C O N H -), 10.56 (1 H, s, -C O N H -).
Mass spectrum; m/e 214 (M+), 172 and 43.
Figure 7.2 Chemical Characteristics of Holomycin (D ata  from Um ezawa,
1967 and Kenig, 1979)
There are discrepancies in the literature regarding production of holomycin in 158  
Streptomyces clavuligerus, the donor strain for the pB R O C I 39 insert. The  
wild type S. clavuligerus strain (NRRL 3585) was capable of producing 
holomycin when grown on sporulation agar and Jones Minimal Agar (Kirby,
1978). However, in another report (Kenig and Reading, 1978) holomycin 
production was not observed in the parental strain for their studies, but only in 
a mutant strain of S. clavuligerus. Strain IT 1 , the mutant strain of S. 
clavuligerus , could produce holomycin only when grown in a chemically- 
defined medium optimised for holomycin production; with glycerol and sucrose 
as carbon sources and in conditions which precluded the formation of cephem  
and 8 -lactam antibiotics. The discrepancies between these two reports may 
be explained if the parental strain described in the Kenig and Reading paper is 
a production strain, and hence differs genotypically from the type strain.
A comparison between 10 mutants which have lost the ability to produce 
holomycin and the influence of this loss on the synthesis of "other antibiotics" 
has been m ade (Kirby, 1978). In one out of ten instances there was a 
correlation between holomycin production and the biosynthesis of cephem and 
8-lactam antibiotics. It was inferred, on the basis of these results, that 
holomycin production is distinct from the synthesis of the major antibiotics 
produced by S. clavuligerus. Data and methods used to reach this conclusion 
were not described. However, in strain screening programmes, loss of 
holomycin production is loosely correlated with the development of S. 
clavuligerus strains with high titres for the production 8 -lactam antibiotics. The 
improved yield of 8-lactam antibiotics in S. clavuligerus strains unable to 
produce holomycin (hoi- mutants), is possibly due to an enrichment in the 
throughput of primary precursors to the biosynthesis of secondary products. 
Structurally holomycin is very similar to a putative structure formed by the 
condensation of two cysteines, or alternatively, to a structure derived from N- 
acetyl-penicillamine (described in Czaplewski, 1989). If the holomycin 
biosynthetic pathway is derived from either of these precursors, it would 
explain the apparent competition between the for 8 -lactam biosynthesis and 
holomycin production. High cysteine requirements for the synthesis of acetyl 
cysteinyl valine are prerequisites for high titres of 8-lactam antibiotics. This 
strategy, which explains the putative mechanisms for the influence of 
holomycin on 8 -lactam titres is explained in more detail in Czaplewski, (1989). 
8-lactam antibiotics are not the commercial product formed by S. clavuligerus, 
and the construction of hoi ~ mutants merely represents a historical step in 
screening and selection of production strains. S. clavuligerus is used for the 
production of the cephem, clavulanic acid at Smithkline Beecham. Prior to the 
studies described in this thesis and that of Czapleski, the product from the 
plasmid pB R O C I 39 had not been characterised.
7.2 A Brief Theory of the Techniques used in the Structural Elucidation of the 159  
ProducL
The structure of an unknown compound may be deduced by investigation of 
molecular spectroscopic patterns obtained from the interaction of the sample 
with radiation or bombardment with electrons. Ultraviolet and visible 
spectroscopy and mass spectrometry were used in structural elucidation and 
will be described in more detail. Elemental analysis using chemical and 
physical techniques would have been a suitable investigative tool; however the 
quantities required for this destructive technique were in excess of the 
quantities which could reasonably be purified. Infra-red spectroscopy may 
have yielded useful information, but continued structural investigation of the 
product was prematurely halted following NMR analysis at Leeds University.
7.2.1 Ultraviolet and visible spectroscopy If radiation is allowed to impinge on 
a substance, some is reflected, some absorbed and some transmitted. The  
transmitted radiation may be resolved into its constituent wavelengths and 
recorded to give an absorption spectrum. These spectra are useful as they 
arise from transitions between electronic energy levels accompanied by 
changes in vibrational and rotational states. Solution absorption spectra are 
not finely resolved because of solvent-solute interactions which smooth out the 
spectrum, but for a specified solvent, an absorption spectrum may be used in 
the identification of the solute.
It was noted at an early stage in the project that the synthesis of a yellow  
chromophore in chemical terms is more commonly observed than that of other 
chromophores (M. Stark, personal communication). Consequently the 
presence of a  yellow chromophore was of little diagnostic value with respect to 
identification of the product, without a known, easily-identified ?imax 
absorption.
7.2.2 Electron Impact Mass spectrometry This technique is used in structural 
elucidation and identification of a compound, and relies on the separation of 
ions on the basis of charge to mass ratio. For this technique, the sample is 
vapourised and introduced into the ion source, where it is bombarded by 
electrons. As a  result of the energy of the electron source (the potential 
energy is of a far greater magnitude than that of electrons in molecular 
orbitals), no bond movement occurs during ionisation, and specific 
fragmentation of the sample takes place. Molecular ions are those that reach 
the collector without decomposition, and the recorded fragment ions are those 
which are formed in the source; ions formed by fragmentation during
acceleration give weak signals ('metastables'). (H.M. Morris, personal. 1
communication).
The ions are expelled, deflected, collected and their abundances are recorded 
as a function of their charge to mass ratios. Interpretation of a spectrum relies 
on basic chemical principles, knowlege of characteristics peculiar to the 
ionisation technique employed and a knowledge of basic interpretation rules 
given in most standard spectroscopy texts (for example Dyke e ta l., 1978: 
Freifelder, 1982).
The technique is very powerful and requires small quantities of material 
<100ng), although it has the disadvantage of destroying the sample. If 
vapourisation can be assessed, (e.g. with a coloured compound), vaporisation 
conditions may be selected to be specific for the molecule under investigation. 
However, as a result of the vaporisation of a mixture, the abundance report 
may then be biased towards the molecule under investigation.
7.3.0 Investigation into the Expression of a Yellow Pigment at Elevated  
Tem perature in S. thermonitrificans pBRO CI 39 cultures.
7.3.1 Investigation into the Influence of Temperature on Expression
Spores of S. thermonitrificans p B R O C I39 and plJ702 were inoculated at high 
density into TSB  medium at 30°C  and 45°C  and grown for a period of time.
The length of cultivation for the seed stage inoculum was found to be 
important in influencing the final pigment intensity in broths cultivated at 30°C. 
This is probably due to the slow growth at this temperature. The incubation 
time for seed inocula (48 hours at 45°C  and 5 days at 30°C ) was therefore the 
result of crude optimisation to enable growth and pigment production at both 
temperatures. Sam ples of 3 ml were taken from seed cultures at each 
tem perature and used to inoculate 579M M  (579 minimal medium) containing 3 
mM phosphate and 82 mM glucose (15g.l_1). These minimal medium cultures 
were then incubated - the procedure is summarised in Table 7.1. As stated in 
chapter 3, the minimum requirements for all growth experiments were that 
they w ere carried out in duplicate or triplicate and repeated at least once. A 
preliminary seed stage in TSB was required because spores of S. 
thermonitrificans did not germinate in minimal medium (see chapter 3 for 
further information).
Following incubation for the requisite period of time in minimal medium, the 
supernatants from broths inoculated with S. thermonitrificans containing the 
control plasmid piJ702 did not show a yellow colour, whereas those of
Table 7.1 Experimental Procedure for An Investigation into the Effect of 161 
Temperature on Expression of the Yellow Colour in Broths of S. 
thermonitrificans p B ROC139.
Temperature Inoculum Incubation Inoculum Incubation 
______________Type in TSB Type_______ in 579MM
30°C Spore 5 days 3ml 2 weeks
>6x 1O^/m I T S B-g rown
mycelium
45°C Spore 48 hours 3ml 48 hours
>6x106/ml TSB-grown
mycelium
Figure 7.3: S. thermonitrificans broths cultivated under conditions suitable 
for formation of a yellow coloured broth at each temperature.
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Table 7.2 Experimental Procedure for an Investigation into the Influence of 162 
Temperature on the Rate of Production of Yellow Broths from S. 
thermonitrificans pBR O C I39.
Temperature Inoculum Incubation
in TSB
Inoculum Incubation 
in 579MM
30°C Spore 48 hours
>6x106/ml
3 ml
TSB-grown
mycelium
48 hours
45°C Spore 48 hours
>6x106/ml
3 ml
TSB-grown
mycelium
48 hours
Figure 7.4 S. thermonitrificans cultures grown under similar conditions 
(identical apart from temperature), for 48h, illustrating variation in rate of 
production with temperature (by the differential intensities of broths).
1 piJ702 at 30°C 3 piJ702 at 45°C
2 pB R O C I39 at 30°C 4 pBROCI 39 at 45°C
S. thermonitrificans pB R O C I 39 cultures were an intense yellow colour. 16  3 
photographs were taken of the broths (Figure 7.3). At this stage in the project 
the sole indication of expression of a product from S. thermonitrificans 
pB R O C I 39 was the production of yellow pigmented broths, in contrast to 
control cultures. Figure 7.3 illustrates that the expression of a yellow pigment 
from S. thermonitrificans p B R O C I39 cultures occurs at both 30°C  and 4 5 °C  
in defined medium. Hence the production of the yellow colour is not 
prevented as a result of the elevated growth temperature. This growth 
temperature contrasts with that of the host for the DNA insert, S. clavuligerus, 
which has an optimum growth temperature of 26°C and a maximum of 30°C .
7.3.2 The Influence of Temperature on the Apparent Rate of Production of 
Yellow Pigment in Broths
To investigate the influence of temperature on the rate of production of the 
yellow colour, the experimental procedure shown in Table 7.1 was carried out.
In this case all the inoculum conditions were identical apart from the 
experimental variable, temperature. Mycelia were pelleted and photographs 
were taken of the supernatants (Figure 7.4).
It can be seen from Figure 7.4 that the intensity of yellow colouration in culture 
broths cultivated at 4 5 °C  was greater than that for broths cultivated at 3 0 °C .
The yellow tint in broths produced by cultivation at 30°C  cannot be seen easily 
on the photograph. The rate of production of this colour was far more rapid in 
broths at the elevated temperature (48 hours at 45°C , compared to 2 weeks  
for growth at 30°C  for the photographs shown in Figure 7.3). The experiment 
was repeated using a growth temperature of 50^C for both inoculum and 
experiment. Once again, even at the elevated temperature, yellow broths were 
produced (photographs were not taken). This shows that the product may be 
expressed up to a temperature of at least 50^C. All these experiments were  
repeated several times to confirm the results.
Hence it has been shown in a crude manner that expression of a yellow  
product in S. thermonitrificans p B R O C I39 cultures readily occurs in defined 
medium (7.1.1). It has also been shown that this product is expressed both at 
the maximum growth temperature for S. clavuligerus, 3 0 ^ 0  and at 
temperatures up to 50^C , the practically attainable maximum growth 
temperature forS. thermonitrificans (7.2.2). The apparent rate of production of 
yellow pigment in broths was increased at elevated temperatures, shown by 
visual comparison of broths. This rate increase is probably linked to the faster 
growth rate at the elevated temperatures.
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7.4.1 Solvent Extraction using Butanol
The strategy described by Kenig and Reading (1979) was used in the 
extraction of the yellow pigment with 50 ml supernatants from S. 
thermonitrificans pB R O C I 39, S. albus pB R O C I 39  and S. lividans p B R O C I 39 
culture broths. The plasmid-containing strain,S. albus pB R O C I 39, was  
constructed to prepare DNA for transformation into S. thermonitrificans and S. 
lividans p B R O C I39 was supplied by Beecham (Czaplewski, 1989). The  
extraction strategy used butanol for solvent extraction, followed by 
concentration of the non-aqueous phase (Kenig and Reading, 1979). The  
butanol phase characteristically turns vivid yellow when holomycin-containing 
broths are used (M. Burnham, personal communication). However, no 
partitioning of a yellow pigment into butanol occurred for any of the three 
different broths. Following concentration of the butanol fractions by 
evaporation, small amounts of a yellow oil remained. The colour of the oil is 
not necessarily diagnostic, as It is common for any impure oil to be yellow in 
colour (R A Hill, personal communication; see 7.2.1). The oil from each 
extraction was applied to a TLC plate together with a pure standard of 
holomycin and developed in chloroform:methanol, 9:1. A pattern of visible 
spots appeared, but none corresponded with that of the holomycin standard. 
This TLC  plate was overlaid with agar seeded with a low concentration of 
Flavobacterium spp. (a sensitive organism for the detection and assay of 
holomycin). The method is described in Section 2.15. Inhibition of growth of 
Flavobacterium spp. was detected with the holomycin standard. However no 
growth inhibition occurred on the control or pB R O C I 39 tracks from any of the 
cultures. The overlay was repeated with a range of Flavobacterium spp. 
concentrations, but no sensitivity to any component in tests was detected by 
the bioassay, (the holomycin standard in each case resulted in growth 
inhibition of Flavobacterium). These results suggested that the yellow colour 
was produced in very small amounts in all the heterologous hosts and that 
partitioning into the butanol phase was negligible. Alternatively, it could be 
concluded that the yellow colour could not be attributed to holomycin.
7.4.2 Solvent Extraction using Ethvl Acetate
A modified extraction procedure was devised in consultation with Dr R.A.Hill 
from the Department of Chemistry. This involved using ethyl acetate as the 
organic solvent and extraction of broths at pH7 and pH9. Ethyl acetate was 
preferred to butanol as a solvent because it has a much higher volatility and is 
relatively less toxic than butanol.
A 4-day culture of S. thermonitrificans pBRO CI 39  grown from a spore ^ 5  
inoculum in 2 litres of TSB at 370C, was clarified by centrifugation and the 
supernatant used in the extraction procedure. TSB, a complex medium rich in 
nitrogen sources was the medium of choice at this stage in the investigation 
for identification of the product. This strategy was invoked to reduce the 
probability of a nutrient limitation in the medium influencing synthesis of 
product from pB R O C I 39. It was conceivable that, if the minimal medium  
579M M  was used, a nutrient limitation (e.g. a lack of a specific amino acid) 
could restrict the formation of the product from S. thermonitrificans 
pB R O C I 39. One third broth volume of ethyl acetate was used to extract 1.1 
litres of culture supernatant at pH7.0, the broth pH was altered to pH9.0 by the 
addition of 1M sodium hydroxide and the extraction procedure repeated. A  
final extraction was made with one third volume of butanol. Extracts were  
evaporated to dryness yielding 300 mg of an oily product at pH7.0, and 70 mg 
of oily product at pH9.0.
The samples were loaded onto mini-TLC plates together with an authentic 
holomycin standard, and developed in ethyl acetate. None of the extracts 
from cultures of S. thermonitrificans p B R O C I39 showed components with the 
same mobility as the holomycin standard at the detection levels employed.
The detection methods included visualisation under normal lighting, long 
wavelength ultraviolet light, and after staining with iodine (which reacts with 
and stains carbon double bonds). The mini-TLC plates were overlaid with 
agar containing Flavobacterium, but no sensitivity to the organism was 
detected in test tracks. Flavobacterium  showed a very sensitive growth 
inhibition to the presence of the holomycin standard. Regardless of these  
negative results, each extract was subjected to preparative TLC, and the five 
major bands were excised and sent for analysis by low field NM R. It was  
considered possible that any of the extracted components could have been 
precursors or the degradative products from the product of the plasmid 
pB R O C I 39. However, no conclusive data were received from low field NM R.
This was probably due to the lack of purity of the samples.
7.4.3 Solvent Extraction using Broths Produced at 30 ° C and 5Q° Q and A.n 
Attempt to Develop a Simple Assay for Expression of a Yellow Colour
As a consequence of the lack of visible yellow colour in the culture broth 
grown in 2 litres of TSB, the experiment was repeated with smaller culture 
volumes at a range of temperatures in defined medium 579M M  (note the 
change in medium from that used in 7.4.2). The intensity of yellow appeared  
to be greater and more reproducible in defined medium broths and the easily- 
observed formation of yellow-pigmented broths using defined media was
Table 7.3 List of Samples Collected from Broths Cultivated at 30°C and 50°C 1
M U ' S _____________Temperature_____________ pH
plJ702 30°C  pH7
plJ702 30°C  pH9
pB R O C I 39 30°C  pH7
pB R O C I 39 30°C  pH9
plJ702 50°C  pH7
pi J702 50°C  pH9
pB R O C I 39 50°C  pH7
pB R O C I 39 50°C  pH9
plJ702 30°C ) Butanol fractions (Butanol fractions for p B R O C I 39
piJ702 50°C ) cultures were lost during
evaporation)
Holothin
Isolation: Extracted from mycelium with M e2CO. Also obtained by acid
hydrolysis of holomycin
Nature: Basic, - H C I : olive-green crystal.
Melting Point: -HCI: > 300°C  
Formula: C 5 H4O N 2S2 .HCI
UV max (solvent unspecified): 226, 290 and 381 nm.__________________
Figure 7.5a Chemical Characteristics of Holothin (Data from Um ezaw a, 1967)
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Figure 7.5b Structure of Holothin
considered preferable at this stage. S. thermonitrificans minimal medium 1 67  
(579M M ) containing 82 mM glucose and 3 mM phosphate was used in all 
subsequent studies.
Primary seed cultures of S. thermonitrificans pB R O C I 39 in TSB were  
established at 30®C and 50^C. These primary seed stage cultures were  
inoculated into 500m l of 579M M  (containing 82 mM glucose and 3 mM  
phosphate) after cultivation for 5 days (for 30°C  cultures) and 24 h (for 5 0 °C  
cultures), to a  final inoculum concentration of 0.06 ml inoculum per ml 
medium. Cultures were subsequently grown for 48 (50°C ) and 96 hours 
(30®C), resulting in broths which were a vivid yellow colour in contrast to the 
brown tinted control cultures. Broths were harvested and clarified by 
centrifugation at 3,000g in a JA14 rotor for 10 minutes. The method described 
for ethyl acetate extraction in 7.4.2 was used and extracts concentrated by 
evaporation, resulting in 10 samples, listed in Table 7.3.
Each extract was loaded onto a mini TLC plate together with a holomycin 
standard and developed in ethyl acetate. The plates were then overlaid with 
Flavobacterium  -containing agar. However, no spots corresponding to 
components having the same mobility as holomycin were identified in any 
sample. Neither were there any zones of clearing in the seeded agar which 
would correspond to a compound to which low concentrations of 
Flavobacterium  were sensitive. Holomycin ( « 1  ng) gave a zone of growth 
inhibition of Flavobacterium  around 2.0 cm diameter after overnight incubation.
Each of the 10 samples was dissolved in analytical grade methanol at a 
concentration which would give spectrophotometric readings in the range of 
absorbance 0 to 2 over 560-230 nm wavelength. No constructive information 
could be deduced, because the spectra consisted of broad absorbance peaks 
over the ultraviolet range of the electromagnetic spectrum. Difference spectra 
were attempted. This involved identifying a range of wavelengths from which 
absorptions emanating from yellow compounds would be negligible. The  
concentrations of pB R O C I 39 samples were then corrected so that the 
absorption for both control and test samples were the same at these 
wavelengths. Using this strategy, the control plJ702 sample was used as a  
blank in a  single beam spectrophotometer, the blank was scanned, the scan 
stored and subtracted from the test sample to give the difference spectrum  
(alternatively a dual-beam spectrophotometer could have been used).
However all difference spectra showed a part of the spectrum which was  
negative for large regions. This is probably a result of expression of the m el 
gene in plJ702 cultures in some conditions, encoding a tyrosinase which, 
when expressed, results in brown-tinted broths. In plasmid p B R O C I39 the m el
gene is inactivated by the 5.3kb DNA insert. Spectrophotometry of culture 168  
broths could not be employed as a direct assay method for the yellow colour, 
because the broth colour in wild-type cultures used to change during the time 
course of a fermentation and could not be used as an assay blank. Similarly, 
plJ702-containing (control) cultures had broth pigments which varied with time 
and growth conditions.
It was concluded from this work that the yellow pigment was probably not 
holomycin. Additionally, the lack of holomycin production in both defined and 
complex medium, and at temperatures of 30°C , 370C and 50°C , suggested  
that the tem perature conditions and medium-determined nutrient supply 
cannot be invoked as wholly responsible for the absence of holomycin 
production. Holothin, a de-acetylated, and therefore more polar homologue of 
holomycin was identified as a potential product.
An assay for the yellow pigment was necessary to investigate, quantitatively, 
the physiology of production. Assay of the yellow pigment was therefore made 
more difficult than originally anticipated as a result of its unknown nature. A 
purification strategy was therefore adopted. It was envisaged that the 
purification of the product would both enable the identification and assay- 
design for the product in culture broths, which could then be used in 
quantitative studies of the formation of the heterologous product at elevated  
tem peratures in Streptomyces.
7.5 Purification of The Yellow Product
Isolation of the yellow product was achieved by Dr Martin Gilpin and Mr S.
Spear at Beecham Pharmaceuticals, Brockham Park. Their work is described  
in the following paragraphs.
Two litres of S. thermonitrificans pBRO CI 39 culture broth grown on 579M M  
were supplied to Beecham. The broth was extracted with ethyl acetate at pH7, 
the phases separated and evaporated. Antibacterial activity against 
Staphylococcus spp. was detected in the extracts; this was thought to be due 
to extraction of thiostrepton into the ethyl acetate phase. Thiostrepton is the  
antibiotic used for plasmid selection during growth of plasmid-containing 
strains. No holomycin-like antimicrobial activity was detected.
The aqueous phase was loaded onto a column of Diaion HP20, an adsorption 
resin, and eluted with 20%  (v/v) propanol. Yellow fractions were then 
collected, pooled and loaded onto a finer-grade column matrix. The pigment 
was eluted using 2 0 %  (v/v) propanol; fractions containing the yellow colour
were evaporated to dryness (yielding 7 mg of product) and submitted for ion- 169  
bombardment mass spectrometry. The resulting spectrum could not be 
interpreted. However this was thought to be a result of the hydrophilicity of the 
pigment, and the compound was resubmitted for a more suitable form of 
mass spectrometric analysis (method not given). In addition, it was submitted 
for nuclear magnetic resonance spectroscopy. Nothing could be interpreted 
from the N M R  and MS results.
Therefore following the isolation of the yellow product at Beecham, further 
purification was continued in Glasgow. The strategy was based on a putative 
purification scheme for holothin, the de-acetylated homologue of holomycin. 
Structure and chemical characteristics of holothin are given in Figure 7.5.
7.5.1 Discontinuous Fed Batch Cultivation for Reproducible. Rapid Production 
of High-lntensitv-Yellow Broths
Culture broths for subsequent purification of pigment were prepared according 
to the fed-batch regime described in Section 2.16. This regime was found to 
generate large volumes of intense yellow broths reproducibly, and in a short 
time at a growth temperature of 45°C. Possible reasons for this may have 
been:
1 .Cultivation in TSB at 45°C using a very high concentration of S. 
thermonitrificans pB R O C I 39 spores in a 500 ml flask with a small medium  
volume (75 ml) resulted in rapid growth to a high biomass level. It is probable 
that stationary phase was reached in a short period of time. A 'switch' into 
yellow production was observed between 20-30 hours under these conditions.
2 . Subsequent growth in larger medium volumes (the "feeding" stage) may 
have provided an environment conducive to a slower growth rate during the 
period of yellow production due to the decrease in the rate of oxygen transfer 
to the medium.
3. The use of a defined medium with a relatively low initial phosphate 
concentration (following the initial growth to high biomass concentrations), 
may have maintained the phosphate concentration at a lower level during the 
period of yellow production. There was no evidence that phosphate 
concentration influenced formation; however pigment production on low- 
phosphate defined-medium broths was consistently more reproducible than in 
high-phosphate media (TSB and 5 7 9 MM containing 10mM phosphate).
Inorganic nitrogen concentrations in all defined media were 50 mM. There was 
no visible production of a yellow product during growth on TSB with a "normal
Figure 7.6 Schem e for Normal Performance Liquid Chromatography with 170  
Amberlite X A D 4 Adsorption resin.
Column Type  
Column size
Column Volume  
Bed Height 
Stationary phase 
Mobile phase 
Column flow rate
Pharmacia C 16/40  
16 mm internal diameter 
40 cm length 
77 ml 
38 cm
Amberlite XAD 4 resin 
20%  propanol 
0.5 ml/min
Table 7.4 Results for the Thin Layer Chromatography of Fractions Collected 
from the Amberlite XAD4 Adsorption Column.
Stationary phase; silica, mobile phase;20% propanol
Yellow fractions Rf 0.58 (Yellow spot visible)
Rf 0.15 (visible only under 
medium wave UV)
Brown fraction Rf 0.58 (yellow spot visible)
Rf 0.15 (visible only under 
medium wave UV)
A brown smear was seen between  
the two spots.
Stationary phase; silica, mobile phase; acetone; propanol; water 
Yellow fractions Rf 0.78  (yellow spot visible)
Rf 0.63 (brown spot visible) 
Rf 0.09 (visible only under 
medium wave UV) 
Brown fractions HI 0-78 (yellow spot visible)
Rf 0.63 (brown spot visible) 
Rf 0.09 (visible only under 
medium wave UV)
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Figure 7.7. Ultraviolet and Visible Scans of the Components Eluted From the 171  
Normal Performance Adsorption Column (described in 7 .5 .4).
Spectrum 1; 1pg of the brown fraction dissolved in 1ml AnaIR methanol.
Spectrum 2; 0 .5pg of the yellow fraction dissolved in 1 ml AnaIR  methanol.
Spectrum 3; 1pg of the yellow fraction dissolved in 80%  AnaIR propanol.
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A spectroscopic scan of the fractions collected from the column was not 
carried out, as the fractions were eluted in a  highly concentrated state and it 
w as considered that little useful information would be gained by diluting and 
then scanning each sam ple, given the paucity of information that was known 
about the pigment. Instead, the pooled fractions were scanned across both 
the ultraviolet wavelengths and the visible w avelengths of the specffum  
(Section 7 .5 .4 ). nr
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final concentration and with normal medium/flask volume ratios. However 
during growth on liquid Emersons medium under 'normal' conditions there  
was a visible production of yellow pigment (L.Czaplewski, personal 
communication). Liquid Emerson is a complex medium with a relatively low 
phosphate concentration compared to TSB.
7.5.2 C o l u m n , Chromatography
Amberlite XAD 4 resin was chosen as a suitable resin for isolation of the 
yellow pigment from culture broths. It is a cross-linked polystyrene.adsorbent 
with no ionic functional groups, and is conventionally used in the adsorption of 
organic solutes from polar solvents. A long column, with a moderate internal 
diameter was used giving a column height-diameter ration of 1 :25 for optimal 
resolution. This ratio is suitable for exclusion and adsorption chromatography 
(Pharm acia). The details relating to this chromatographic step are given in 
Figure 7 .6
The column was loaded with 3 litres of culture broth for each column volume of 
matrix in the preparative mode. Final resolution was unavoidably impaired due 
to expansion of the matrix on interaction with organic solvents. This reduced  
the total volume of elution solvent, with only minor additional impairment of 
resolution. Continuous gradient elution of 10-100%  (v/v) propanol, a stepped  
gradient (50%  and 100%  v/v propanol) and isocratic elution using 20%  (v/v) 
propanol were tested for column development. Isocratic elution using 20%
(v/v) propanol was found to be adequate, together with a fraction size of 1 ml.
A range of pigments was eluted from the column. The first 46 ml of eluate  
appeared brown. After 49 ml, an intense yellow colour was eluted, whose 
concentration decreased after the collection of 66ml of eluate. Coloured 
fractions were pooled into brown fractions and yellow fractions, evaporated to 
dryness and their mass determined. At this stage, very little information was 
known about the pigments and a more sensitive technique for identification 
was not available. The final mass of the collected yellow samples was 33.2  
mg, and 125.9m g for the brown fractions. They were analysed by TLC  
(Section 7 .5 .3 ) and by ultraviolet and visible spectroscopy (Section 7.5 .4).
7 .5.3 Thin Laver Chromatography of Fractions
Two different solvent systems were used for these separations, 20%  propanol, 
and 1 ;1 ;1 acetone; propanol; water. The results are tabulated in Table 7.4. 
Holomycin had negligible solubility in these solvents. The experiment was
carried out on silica TLC plates containing a fluorescent marker, viewed under 1 
medium and short wave ultra violet light, and stained with iodine vapour.
Iodine is a  staining agent which will denature and stain carbon double bonds.
All the components which were visible using these techniques are described in 
Table 7.4.
The data shown in Table 7.4 indicated that the compounds isolated by 
chromatography did not possess mobilities characteristic of holomycin, and 
that the isolates were a mixture of compounds. Further purification was 
therefore required.
7 .5.4 Spectrophotometric Investigation of Fractions
The samples collected from the adsorption column were scanned 
spectrophotometrically from 230 nm to 560 nm using methanol as a solvent 
(Figure 7.7). Maximum intensity absorbances were recorded for the yellow  
fractions at 440 nm, 421 nm, 342 nm, 271 nm and 232 nm. This did not 
correspond with the spectrum of holomycin or holothin (shown in Figure 7.2  
and Figure 7.5b). The brown fractions scanned under the sam e conditions 
showed a broad absorption over the range 500-220 nm. Dilutions to a low 
absorbance showed the same broad absorption. This suggested that the 
brown fractions were a mixture of compounds with overlapping absorption 
spectra.
7 .5 .5  Bioassav Development
Isolation had reached a stage at which a bioassay could be developed. It was 
hoped that the purification and identification would provide standards with 
which to develop a TLC or HPLC assay. Concentration of the yellow extract 
by passing down an Amberlite XAD 4 column and subsequent evaporation 
resulted in the precipitation of a yellow powder. This powder was washed  
several times in HPLC grade methanol and de-ionised w ater and evaporated  
to dryness. Samples were then dissolved in warmed L broth with shaking, to 
the maximum solubility of the compound. This was described as 100%  
concentration, and estimated to be a solubility of 1 mg/ml for the impure 
yellow compound in aqueous solvents. The supernatant was filter-sterilized 
and frozen for further use.
A matrix experiment was established using overnight cultures of Klebsiella 
aerogenes, Escherichia coli ML308 and Bacillus subtilis EM E106. A 
turbidimetric approach was adopted in preference to an agar diffusion assay 
as a  result of the low solubility of the yellow pigment(s). Dilutions of test
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Concentration Test Concentration of Result
of Y  in L Br Organism Test organism
(as a  %  of maximum  
solubility)
100% E. coli 1 X 10-3 Turbid Growth
100% K. aerogenes 1 x 103 Turbid Growth
100% B. subtilis 1 x 103 Clear
50% E. coli 1 x 103 Turbid Growth
50% K. aerogenes 1 x 103 Turbid Growth
50% B. subtilis 1 x 103 Turbid Growth
25% E. coli 1 x 103 Turbid Growth
25% E. coli 1 x 104 Turbid Growth
25% K. aerogenes 1 x 103 Turbid Growth
25% K. aerogenes 1 x 104 Turbid Growth
25% B. subtilis 1 x 104 Turbid Growth
25% B. subtilis 1 x 1 04 Turbid Growth
Figure 7.8 Scheme for Silica Gel Filtration Chromatography (HPLC mode)
TS K  Silica Gel Filtration column G2000 SW
Guard column 
Mobile phase
Injection volume 
Flow rate
7.8 mm internal diam eter 
x 300 mm length 
SW  XL
50 mM potassium phosphate
buffer pH6.0
20|il (loop injection)
0.5 ml/min
organisms were made in L broth, together with dilutions of the test solution 1 
(yellow pigment dissolved in L broth). Tubes were incubated overnight and 
scored on the basis of presence or absence of growth of the test organism, 
the results are given in Table 7.5. The experiment was repeated three times 
to confirm the result. Test organism concentrations at dilutions greater than 1 
in 104 gave similar results to those described in Table 7.5.
On the basis of the results presented in Table 7.5, Bacillus subtilis was 
identified as a suitable sensitive strain for assay of the yellow product. It was 
noted that high concentrations of test sample were required to obtain a  growth 
response. Under the same test conditions Bacillus subtilis was insensitive to 
holomycin and in solid media, insensitive to thiostrepton at a concentration of 
10 pg/ml. Further work was continued in the purification of the yellow product, 
which was considered more important at this stage than studying the 
expression of the product in S. thermonitrificans pB R O C I 39.
7.6 .0  High Performance Liquid Chromatography and Fast Protein Liquid 
Chromatography
A Phillips HPLC system was kindly made available by Bioflux, Departm ent of 
Biochemistry, Glasgow, and a Pharmacia FPLC system was available in the 
same department.
For HPLC, the column was linked to a multiwavelength detector which could 
operate in single wavelength or scanning mode (200-400 nm and 400-600  
nm). Data handling was effected using an IBM-compatible personal computer 
using software working in the Microsoft Windows environment. A range of 
data output was available; three dimensional plots, contour plots, two 
dimensional plots and spectra. This detection system was found to be ideal 
for an unknown compound. The FPLC system is well documented as a  
chromatographic system for the purification of proteins.
7.6.1 Silica Gel Filtration Chromatography (HPLC-m ode)
In view of the paucity of information regarding the yellow product a silica gel 
filtration column was used in the initial stages of HPLC purification. It was  
known that this column retards the elution of small molecules, presumably due 
to adsorption, and it was this retardation which was potentially useful in 
achieving a separation of an unknown compound. (D. Mousedale, personal 
communication). The operating separation range of this column for proteins 
and peptides was in the range of between 500 and 60000 Da molecular 
weight. Small molecules were expected to elute towards the exclusion limit of
Figure 7.9 a The Elution Profile of the Yellow Compound from the T S K  Gel * 7 6  
Filtration Column described in 7.6.1 (Scanned at a  W avelength of 280  nm). 
(Analytical sam ple -20pl)
The yellow fraction is marked with an arrow.
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Figure 7.9b A Scan of the Component with an Elution Tim e of 14 .7  minutes 1 7 7  
from the T S K  Gel Filtration Column described in 7 .6 .1 . (Analytical sam ple - 
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the column (about 13-15 ml). The scheme for this chromatographic step is 1 
given in Figure 7.8.
Six peaks were found on analytical runs scanning in single wavelength mode 
at 280  nm, a wavelength suitable for the detection particular absorption 
characteristics of aromatic ring systems (Figure 7.9a). The spectrum of the 
yellow compound in potassium phosphate buffer was also recorded (Figure 
7.9b). The retention time in phosphate buffer pH6.0 was found to be 14.7 min.
Several preparative runs were made, loading a high concentration of the 
sample in the maximum loading volume (20 pi), and manually collecting 100 pi 
fractions. In preparative runs ammonium formate pH5.0 was used as a 
volatile buffer that would not interfere with subsequent analysis. Fractions 
corresponding to the yellow peak were pooled, washed and evaporated to 
dryness, yielding 7.3mg of product. The yellow product was submitted f o r 1H 
N M R  analysis in deuterated water at the Chemistry department, Glasgow  
University. However no interpretable signal was obtained, due to the 
presence of contaminants.
7 .6 .2  Ion Exchange Chromatography
It was noted that ultraviolet spectra of the yellow peak from the gel filtration 
column in phosphate buffer pH6 had some similarity to the spectrum for 
holothin in an unspecified solvent, (Figure 7.9b and Figure 7.10). Therefore, 
the successive strategy was to identify if the yellow compound possessed a 
free amino group; this would intimate that the compound might be holothin.
FPLC glass ion-exchange columns were chosen for investigation of the ionic 
interactions of the yellow compound, because binding of the pigment to the 
column could easily be observed. Ionised compounds are retained on charged 
columns to different extents depending on their pKa and the pH of the solution. 
Mono S is a strong cation exchanger based on Pharmacia Mono beads with 
sulphonic acid groups attached to the matrix. Mono Q is the anion exchange  
equivalent having quaternary amine groups which remain charged over the pH 
range 2-12. The scheme used for Cation exchange chromatography is 
described in Figure 7.11.
The sample was loaded by loop injection in 2 ml ammonium formate at pH5, 
and binding assessed visually. The yellow pigment was eluted in the first 5ml 
without binding to the column. These fractions were pooled, the pH adjusted 
to 2 .48  with formic acid and re-applied to the column . No binding of yellow  
pigment occurred and it was washed from the column. Elution of the column
Figure 7.10. Ultraviolet Absorption Data for Holothin, Holomycin and the 
Yellow Product from pBROC139 broths.
UV max for holothin in an unspecified solvent = 226, 296, 380 nm
(From Um ezaw a,1967)
UV max for holomycin in methanol = 246, 301, 388  nm
(From Kenig,1979)
UV max for yellow product in phosphate buffer pH 6 = 226, 270 , 381 nm
Figure 7.11 Schem e for Cation-exchange and Anion-exchange  
Chromatography (FPLC mode).
Mono S - Cation Exchange
Column dimensions 
Stationary phase 
Mobile phase 
Column flow rate 
Fraction size 
Chart recorder speed
5 x 50 mm 
Mono S beads
Ammonium formate (50 mM) pH 5 and pH 2.48  
1 ml/min 
1 ml
1 ml/min
Mono Q  - Anion Exchange
Column dimensions 
Stationary phase 
Mobile phase 
Column flow rate 
Fraction size 
Chart recorder speed
5 mm internal diameter x 50 mm length 
Mono Q beads
Ammonium Bicarbonate (50 mM) pH 8 
1 ml min-1 
1 ml
1 ml mim1
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with formic acid pH 2.48 and a low-sensitivity detector setting, resulted in an 1 
off-scale absorbance reading for the first 2 ml of column eluate. Hence some 
contaminating components of the mixture applied to the column had bound, 
and some purification of the yellow pigment had occurred.
A second approach was taken, using a Mono Q column under conditions in 
which a free amine group would be de-protonated. The scheme used for 
anion-exchange chromatography is described in Figure 7.11. A 500  pi sample 
was loaded in ammonium bicarbonate buffer pH8.0. No binding occurred and 
the pigment was eluted from the column. The lack of interaction of the 
compound with Mono S and Q columns therefore suggested that no free  
amine groups were present in the yellow substance. To confirm these results, 
a sample from FPLC was applied to a Polypore H cation exchange column 
(HPLC). This column was used only for confirmation because binding of a 
charged group would have been almost irreversible in view of the strong 
cationic nature of the matrix. As expected no binding occurred in formate 
buffer pH 2 .48, further consolidating the information that no free amine group 
was present in the yellow compound.
7.6.3 Reverse Phase Chromatography
Reverse phase chromatography was the final method chosen for purification.
In this form of chromatography the stationary phase is a non-polar 
hydrophobic surface and the mobile phase is a polar solvent such as 
acetonitrile or an alcohol. Competition occurs between the stationary and 
mobile phases for the solute, with the result that solutes are eluted in order of 
increasing hydrophobicity. Analytical scale separations on the reverse phase 
column with small amounts of the yellow product in 0 .1%  trifluoroacetic acid 
indicated that binding was occurring, and that this step would be effective in 
purification. A method was developed on an analytical scale (Figure 7.12) 
which provided good resolution of components. The post chromatgraphic 
spectrum is shown in Figure 7.13.
The column was loaded in batch manner in preparative runs (that is, repeated  
loading through the injection loop so that up to 2 ml of solution could be loaded 
onto the column before elution). This is an advantage of this type of 
chromatography, and although resolution may have been impaired, it was 
preferable to carrying out excessively large numbers of elutions. A particular 
problem encountered was the low solubility of the yellow compound in a wide 
range of solvents, which became increasingly noticeable as the material 
increased in purity*
During
Figure  7 .12  Scheme for Reverse Phase Chromatography 1
Spherisorb 5 RP18 column 
Guard column 
Mobile phase
Method
Injection volume 
Flow rate 
Retention time
4.6 mm internal diameter x 220 mm length 
SW  XL
A = 0.1%  trifluoroacetic acid 
B = 0.1%  trifluoroacetic acid in acetonitrile 
100% A 2 minutes
Linear gradient 100% -79.3%  A in 5 minutes 
Isocratic at 79.3% A, 20.7% B  for 15 min 
Linear gradient 79.3% A -0% A  in 5 minutes 
Linear gradient 0% -100% A  in 2 minutes 
(reset)
20pJ (loop injection)
0.5 ml min-1 
14.7 min
Figure 7.13. Scan of the Components Eluted from the Reverse Phase Column182  
over the Ultraviolet Wavelength Range, using the Procedure described in 
Figure7.12 (Analytical Sample - 20|il)
The yellow fraction is marked with an arrow.
preparative runs it was common for the yellow compound to be eluted at a 
concentration beyond its solubility product, and most of the pigment would 
crystallize out of solution rapidly. These crystals when re-applied onto the 
column showed several peaks eluting over the isocratic section of the elution 
profile on either side of the major peak of yellow colour, separated by 500  pi (1 
min in time). The yellow fractions collected from the major peak in preliminary 
preparative runs were pooled and re-applied to the column for a final 
preparative run. Three peaks of high intensity yellow colour were eluted from 
the column. The satellite peaks were visibly yellow in the collected fractions 
and the three peaks were collected separately. The quantities recovered  
were;- Peak I - Satellite peak 1.1 mg
Peak 2 - Main peak 1.4 mg
Peak 3 - Satellite peak 0.7 mg
Initially the satellite peaks were thought to be precursors or degradative  
products of the major peak. However it was suggested that they could be a 
range of chemically- similar amides, an argument which would also explain the 
co-crystallization which was observed. (Professor C. Brookes, personal 
communication). All three samples were evaporated and sent f o r 1H N M R  
analysis. However, the background level of impurity was still too high for a  
clear signal to be detected.
The sample collected from the major peak was submitted for electron impact 
mass spectrometry. Strong spectra can be obtained from less than 100 ng of 
sample in mass spectrometry and this technique was more suited to the 
analysis of the samples at this stage because yields were low and the 
compound was difficult to purify. Low field mass spectrometry is ideal for 
obtaining a fragmentation pattern of the compound, providing molecular mass 
data and structural information, and is complemented by high field mass 
spectrometry, which can be used to provide accurate ion mass data from 
which an elemental composition can be estimated.
The major compound in each fraction had a fragmentation pattern with a 
molecular ion of mass 242 atomic mass units (Figure 7.14). However the 
elem ental composition data did not suggest a compound which could be 
related to holomycin and neither did it suggest any 'sensible' alternative 
structure (Figure 7.15).
7 .7 .0  An Additional Purification
A second major purification was carried out in which the intermediate ion- 
exchange and gel filtration steps were omitted. The peaks of yellow colour
F ig u re  7 .14 . Low Field Electron-lmpact Mass Spectrum for the Purified * 8 4  
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eluted from the reverse phase column in repeated preparative separations  
were sub-divided into early, middle and late fractions. Each set of fractions 
was then concentrated and reapplied to the column in three separate final 
preparative separations. Using this strategy five peaks of yellow colour were  
identified. During this purification the low solubility of all the yellow compounds 
resulted in low recovery efficiencies, and it was decided to merely subdivide 
peaks in order to recover the majority of the major peak at a high degree of 
purity. This was achieved and a yield of product of an estimated 99%  or better 
purity was obtained (as judged by HPLC analysis and detection) (Figure 7 .16). 
In retrospect this estimation was erroneous, possibly due to the co-purification 
of two products which is described in later sections.
The mass spectrum for this sample of purified product was similar to that 
obtained for the previous purification. The trace was of greater intensity, due 
to the larger sample size, and higher temperature for vaporisation (290°C  in 
contrast to 260°C , Figure 7.17). The interpretation of mass spectra is 
discussed in section 7.8.
This rem ainder of the sample was sent for NMR analysis by Dr Julia Foster at 
the University of Leeds. The supposedly 'pure' sample showed too many 
peaks to be a compound of the estimated mass for a compound related to 
holomycin. It was suggested that the compound was either far more 
complicated than originally thought, or that co-purification of an additional 
compound had occurred (J. Foster, personal communication). No signal could 
be detected in 13C NM R due to lack of a sufficient quantity of sample. During 
analysis of the sample at Leeds, it was unfortunately misplaced. Therefore  
work using this purified sample of yellow product could not be continued. All 
further work was carried out using crude precipitates crystallised from 
adsorption column eluates.
7.7.1 Comparison of 3-Dimensional Test Spectra (those of S. 
thermonitrificans PBROC139) with 3-Dimensional Control Spectra (those ofS. 
thermonitrificans dIJ702)
A sample of (crude) control extract (run over Amberlite XAD4) from broths of 
S. thermonitrificans plJ702 was prepared in the same m anner and was run 
using the conditions optimised for samples from broths of S. thermonitrificans 
pB R O C 139 in both preparative and analytical modes. In the preparative mode 
the column was loaded with between 1 and 2 ml of extract, and in analytical 
mode with 20pl of extract. No yellow component from control S. 
thermonitrificans plJ702 extracts was eluted from the column in either mode 
using ultraviolet and visible spectroscopy, and a visible yellow component
Figure 7.16 Ultraviolet Scan of the Single Component Eluted from the 
Reverse Phase Column in 7.7.0 and Collected as a Sample for Further 
Structural Analysis (Preparative sample).
i) Ultraviolet scan at a wavelength of 302nm (a portion of the plot which was 
within the scale of the detector).
ii) Contour plot of the elution profile of the column.
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Figure  7 .18 . Ultraviolet Scan of Components Eluted by Reverse Phase J 
Chromatography described in 7.7.1, The Control extract from S. 
thermonitrificans plJ702. (Preparative Scale sample - between 1 and 2 ml).
Note the absence of an eluate with an absorbance at 380nm  (characteristic for 
the yellow compound). The expected position for this signal is marked with an 
arrow, and can be compared with Figure 7.19, run under the sam e conditions 
with an analytical scale sample of the test extract from S. thermonitrificans 
pB R O C 139.
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F ig u re  7 .19 . Ultraviolet Scan of the Components Eluted by R everse Phase  
Chrom atography described in 7 .7 .1 . Extract from S. thermonitrificans 
p B R O C 139
(Analytical Sam ple, 20 pi).
The yellow fraction is marked with an arrow.
could not be observed in the fractions collected (Figures 7 .18 and 7.19). This 1 
was an extremely important result and showed that the peak of absorption in 
the visible section of the spectrum from broth extracts of S. thermonitrificans 
pB R O C 139 was most probably related to the DNA insert in plasmid 
pB R O C 139. The comparison of elution spectra from control (piJ702) and test 
cultures (pB R O C 139) under the same conditions, with equivalent 
concentrations of extract, indicated that the yellow compound was unlikely to 
be a host-encoded product (not shown). Neither could the detection of a 
yellow product have been due to the use of thiostrepton as an antibiotic for 
plasmid maintenance, or due to the production of a product encoded by the 
vector plJ702 in S. thermonitrificans.
7 .7 .2  Options Available for Continuing the Identification
A repeated purification on a larger scale would have been the ideal approach, 
to obtain more product at a higher degree of purity for further analysis. 
Resolution could have been improved by the use of preparative scale reverse- 
phase chromatography columns in contrast to the use of overloaded analytical 
scale columns in which resolution was undoubtedly impaired.
It was established that a preparative scale RP18 (reverse-phase C18) column 
was available for use in the laboratories of Smithkline Beecham, and that 
scale-up using the methods already devised and implemented in Glasgow  
would be possible. Alternatively, another purification strategy could have been 
devised, perhaps enabling the removal of the contaminant(s), by binding the 
impurity(s) to an ion exchange column and collecting the purified sam ple in the 
flow-through. Reverse phase chromatography techniques could also have 
been extended to include ion-suppression chromatography (which may have 
removed contaminants) and experimenting with the influence of tem perature  
variation on resolution.
7 .8 .0  Interpretation of Structural Information
7.8.1 Interpretation of Mass Spectra
The mass spectrum for holomycin has ions of mass 214 and 172 atomic mass 
units (Kenig and Reading, 1979). In comparison, the mass spectrum for the 
yellow product contained major ions of 270, 256, 242, 213, 1 85 ,171  and 156 
units (Figure 7.17). The ion at 242 was suggested to be the molecular ion in 
view  of its abundance (T. Ritchie, personal communication). The mass spectra 
suggested that the purified product did not contain holomycin. Neither was a  
potential alternative structure suggested from the elemental composition
report shown in Figure 7.15. However, by manual comparison with the 19 
fragmentation pattern of holomycin, a putative compound having a nucleus 
with the illustrated structure was deduced (Figure 7.20).
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F igure  7 .20  Putative Structure for a Compound with a Different Structural
Nucleus to Holomycin
It differs from holomycin as the ring N is methylated. A molecular ion of mass 
242 could be generated by a molecule in this homologous series with an 
additional methylene group in the side chain. A putative fragmentation pattern 
of this compound would give a spectrum similar to the one obtained for the 
yellow product (Figure 7.21).
The first putative fragmentation of this proposed compound of mass/charge  
242 could be the elimination of an ethyl group, leading to an ion with an even 
number of electrons (213 atomic mass units) and a positive charge on the 
carbonyl group. Rearrangement of the ethyl group could give ethene and a 
hydride radical. A second possible fragmentation could divide the N-H and 
carbonyl groups, removing a propionyl group. This would leave a molecular 
ion of 185 atomic mass units, and charge stabilization would occur through 
the lone electron pairs on the nitrogen atom. A third possible fragmentation  
would divide the side chain from the double ring structure which, if followed 
with a bimolecular reaction by hydride attack would give rise to an ion of 171 
atomic mass units that would be relatively stable. However it is normally 
considered unlikely that bimolecular reactions give rise to major peaks in mass 
spectra (M. Stark, personal communication). A peak at 69 could be due to a 
rearrangem ent of the smaller fragment. Fission of the C-N bond to 
dem ethylate the ring structure followed by a rearrangement could give rise to 
an ion with a mass value in the range 154-156, although demethylation is 
considered an unlikely event. The expected resulting structure would be 
stabilised by charge delocalisation through the N in the ring structure and by 
the lone electron pairs on the N atom in the side chain.
In the interpretation of mass spectra the natural abundance of isotopes can
Figure 7.21 Fragmentation Pattern for a Putative Compound with Mass 242. 19 3
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Fragmentation 1 gives ions of mass 213  and 29  
Fragmentation 2 gives ions of mass 185 and 57  
Fragmentation 3 gives ions of mass 171 and 71
Fragmentation 4 (may) give ions of mass 156 (m/e).
F igure  7 .22  Structures and Masses of Aureothricin and Thiolutin.
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yield useful information about the type of atoms of which the discrete ions are 1 
composed. "Credible" ions may be described as those which have a signal of 
intensity corresponding to 1% of the major peak, at a mass 1 higher than the  
major ion. This is due to the natural abundance o f 13 C, with contributions 
from the natural abundance o f 1 ^ N. All the fragment ions discussed had an 
ion at 1 atomic mass unit higher than the peak of interest. Indicative of 
structures containing sulphur are satellite peaks at 2 atomic mass units above  
the major peak. This is due to the natural abundance of 34S which is present 
at a concentration of 4 .2%  of total sulphur. Although these diagnostic peaks 
were present in the mass spectra of the yellow compound, the relative 
proportions of these (sulphur) diagnostic peaks, 2 mass units higher than the 
major fragment ions, were variable both within a sample and between samples 
(Figures 7 .14  and 7.17). The proportions of the putative sulphur diagnostic 
ions do not correspond with theoretically-predicted proportions. As a result, no 
definite information concerning the presence or absence of sulphur in the  
compound can be deduced from the fragmentation pattern.
A putative structure having the fragmentation pattern described for a  
compound of 242 mass units could not be proposed for molecular ions of 256  
or 270. However it was thought that these putative molecular ions could be 
contaminants, due to repeated methylation of a compound of mass 242  and 
present in the sample at low concentrations.
By inspection of the relevant literature it was found that compounds with the 
holomycin ring structure in an N methylated form had the names thiolutin (m/e 
228) and aureothricin (m/e 242). Structures given in Figure 7.22. No samples 
of aureothricin were held either by Beecham or Pfizer (the patent holders). 
However 10 mg of thiolutin were made available for the project by Pfizer.
Both aureothricin and thiolutin belong to the pyrrothine class, and may be 
synthesised chemically in a similar manner to the N-demethyl pyrrothines such 
as holothin and holomycin (Ettlinger et a /.,1959). However, they have not 
previously been identified as mixtures in culture broths with N-dem ethylated  
pyrrothines. They tend to be produced in concert with a homologous series of 
N-m ethylated pyrrothines and polyenes (hamycin and neopentaene in 
particular, which are also yellow crystalline compounds and are soluble in 
butanol). Several Streptomyces are known to produce this range of 
compounds; S. albus strain NRRL 2401 (the strain used for commercial 
production of thiolutin), S. pimprina, S. thioluteus, S. farcinicus, S. 
celluloflavus, and Streptomyces sp 2336  (Um ezawa, 1963; Tanner et a l ,
1950).
7.8.2 Further Investigation 1
A mass spectral comparison of the thiolutin and holomycin standards was 
made (shown in the Appendix). Mass spectra were compared with the mass 
spectra already obtained for the purified yellow compound (Figure 7.14. and 
7.17). Low field mass spectral analysis of the thiolutin standard showed the 
expected molecular ion at mass 229 (in contrast to the reported value of 228  
a.m .u. for thiolutin), and a contaminating ion of mass 242 was observed in the 
sam e sample. Similarly the molecular ion for the holomycin standard was at a  
mass value of 213 in contrast to 214, the value reported by Kenig et a L  This 
could have been the result of a slight deviation in calibration. By comparison of 
fragment abundance compared to the internal standard (for thiolutin), it is 
proposed that the thiolutin sample is contaminated with aureothricin at a level 
of between 5 to 10% according to mass/charge ratio data. This was confirmed 
by TLC; two yellow spots were evident in thin layer chromatograms 
overloaded with samples of thiolutin during which the solvent front was  
allowed to run beyond the edge of the plate. Thin layer chromatograms of the 
thiolutin standard were compared with the yellow products crystallised from 
adsorption-column extracts of S. thermonitrificans pB R O C 139 and S. albus  
pB R O C I 39. Results are tabulated in Table 7.6.
TLCs were also developed in acetonitrile and mixtures of chloroform 9; 
methanol 1, giving single spots for the thiolutin and holomycin standard and 
single yellow spots for the impure yellow extract (data not shown, described 
below). In each case the crude yellow samples from both S. thermonitrificans 
and S. albus  contained yellow spots running in a more hydrophilic m anner 
than the standard together with five or six contaminating components 
(impurities were identified using a range of stains and visualisation methods). 
The samples of crude yellow extract consistently behaved in a more 
hydrophilic manner than holomycin, aureothricin and thiolutin. Samples  
obtained from S. albus and S. thermonitrificans, were indistinguishable on 
these chromatograms.
Low field mass spectra from holomycin and (aureothricin-contaminated) 
thiolutin authentic standards, together with spectra of the partially-purified 
yellow compound were sent to the Microbial Chemistry Department,
SmithKline Beecham. The spectra were compared and analysed by computer 
for subsequent matching to a database of mass spectral information. The  
yellow sample obtained from S. thermonitrificans pB R O C I 39 was identified 
as potentially containing isobutyropyrrothine, an N-methylated pyrrolidinone 
nucleus with a branched side chain, with the structure shown in Figure 7.23. 
The fragment ion at 242 mass could not be attributed to fragmentation of this
T a b le  7 .6  Data from Thin Layer Chromatographic Comparison of Thiolutin 19 6 
standard with yellow products from S. thermonitrificans pB R O C I 39 and S. 
albus p B R O C I39.
Mobile phase; Butanol. Solvent front in excess of plate length.
Plate length: 80 mm
Thiolutin: spots at 46 mm and 50 mm
Yellow compound: spot at 13 mm
(S. thermonitrificans p B R O C I39 )
Yellow compound; spot at 13 mm
(S. albus  pB R O C I 39)
F igure 7 .23  Structure of Isobutyropyrrothine
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compound but could be potentially identified as aureothricin (M. Gilpin, * 
personal communication).
This information was in agreement with the predicted fragmentation for a 
compound of 242  mass units, with added provision for the ions of higher mass 
isobutyropyrrothine and aureothricin. Repeated purification and analysis, 
based on the work described in this chapter, would be required to confirm this.
7 .9  Discussion and Future Work
This chapter has described preliminary studies of the expression of a yellow  
product, originally thought to be holomycin, from S. thermonitrificans 
p B R O C I 39. Information which suggests the product was not holomycin has 
been shown. A purification strategy for the yellow pigment has been carried 
out, leading to the isolation of a compound which might be a mixture of two 
yellow components. The attempted structural elucidation of the product has 
also been carried out and is described in this chapter.
Several factors may have had important effects on potential expression of the 
pathway encoded by the insert in pB RO CI 39. Firstly, the physiology of S. 
thermonitrificans could have potentially prevented complete expression as a 
result of the growth temperature. A product was formed from S. 
thermonitrificans pB R O C I 39 cultures at the normal growth tem peratures for 
S. thermonitrificans (shown by yellow broths). Experiments in which the 
tem perature was varied from 30°C  to 50°C , and in which the products were 
analysed by solvent extraction and thin layer chromatography suggested the 
sam e yellow product was formed in all cases (sections 7.4.1 and 7.4 .3).
Hence the elevated growth temperature of S. thermonitrificans was not 
detrimental to formation of the yellow product from S. thermonitrificans 
p B R O C I 39. Secondly, in view of the small size and uncharacterised nature of 
the DNA insert in the vector piJ702, it was thought that the insert may encode 
an incomplete pathway for holomycin, or alternatively, a yellow product 
unrelated to holomycin. The purification and analysis described in this chapter 
has shown that the plasmid pB R O C I 39 does not enable the formation of 
holomycin in heterologous hosts. It has been suggested, however, that the 
related pyrrothine antibiotics, aureothricin and isobutyropyrrothine have been 
detected in extracts from S. thermonitrificans pB R O C I 39 broths. These  
antibiotics possess an N-methylated internal ring structure in contrast to des- 
N-methyl pyrrothine antibiotics (the holomycin class).
The ultimate aim of this project was to mass-balance an antibiotic 
fermentation, using defined media. Hence it was thought necessary to 
investigate the influence of nutrient conditions on the production of yellow
product, although this investigation was necessarily simplistic due to the lack 1 
of an assay at that stage in the project. Fermentations of S. thermonitrificans 
p B R O C I 39 in TSB complex medium were shown to lack holomycin formation 
(7 .4.2). In 579M M  production of yellow broths, using mycelium pre-grown in 
complex medium, occurred reproducibly at an early stage in growth, in 
contrast to the expression in a complex medium, TSB. Growth in defined  
m edia automatically stresses Streptomyces by the initiation of the stringent 
response (Ochi, K. 1986; Strauch eta l., 1991) due largely to the lack of amino 
acids in the medium. The relatively rapid production of a yellow colour in 
defined media from mycelium grown in complex medium may suggest that 
production occurs in response to an environmental stress such as induction of 
this response.
Investigation of the biosynthetic pathway would be a logical extension of this 
purification of the product. Energetically the formation of holomycin from  
cysteine is favoured over that from a precursor of the 6 lactam pathway, acetyl 
cysteinyl valine (Czaplewski, 1989). If incorporation of radiolabel from 1H- 
labelled cysteine into the yellow product occurs, this would strongly suggest a 
biosynthetic path derived from cysteine. Further studies of the yellow product 
could then be attempted. Using cysteine tritiated at C 1 , C2 and C3 positions, 
products with different labelling arrangements would result and the exact 
positions of these carbons could be identified using 1H NM R. Doubly-labelling 
precursors and investigation into the positions of the labelled moeities in the 
products would provide information with which a biosynthetic pathway, 
supported by good evidence, could be postulated. The biosynthetic pathway 
derived by cysteine condensation is preferred to the modification of aceto 
cysteinyl valine because a yellow pigment is expressed from pB R O C I 39 in the 
non 6 -lactam-producing heterologous hosts S. lividans, S. thermonitrificans 
and S.: albus. This would suggest that precursors for 6-lactam and cephem  
biosynthesis are not required for formation of this antibiotic. It would also 
suggest that the precursors are readily available metabolites in Streptomyces.
A postulated pathway would be a very simple condensation pathway requiring 
three to four genes, adequately encoded on a 5.3 kb segment of DNA  
(described in Czaplewski, 1989, for holomycin).
Further study using the strain S. thermonitrificans pB R O C I 39 would be to 
test the effect of temperature on expression in a materially-balanced system of 
cultivation. This would involve quantitative mass balanced fermentation, in the 
sam e m anner as described in Chapter 5, with the added component of 
antibiotic assay. Growth efficiencies in terms of yield of mycelium per mole of
glucose utilised would be calculated. Samples of mycelia would be required * 
for copy number determinations, and a correlation of the production titre and 
rate of production of the yellow pigment with plasmid copy number and dry 
weight would be made. From these results a specific production rate for the 
yellow product could be obtained. Fermentations at 45°C  and 37°C  would 
yield data for comparison, and the feasibility of producing antibiotics at 
elevated temperature could then be discussed on the basis of the quantitative 
productivity results.
In conclusion, some of the products from culture broths of S. thermonitrificans 
p B R O C I 39 have been partially purified and identified as possibly 
isobutyropyrrothine and aureothricin. Continued purification and analysis 
would be required to confirm or disprove this view.
CHAPTER 8 200
Final Discussion and Conclusions
8.1 The Glasgow Project
The purpose of this project was to test the feasibility of expressing antibiotic 
biosynthetic pathways cloned from mesophiles in a selected thermophilic 
strain. This required the selection of a suitable strain (work of L. Harvey), the 
developm ent of techniques for plasmid transformation of the chosen strain 
(work of L. Czaplewski) and finally, the development and implementation of 
fermentation techniques (work described in this thesis).
A defined medium, defined inocula and growth conditions suitable for 
homogeneous filamentous growth in a 7 litre volume Bioengineering ferm enter 
have been developed. In addition, growth of S. thermonitrificans at a range of 
dilution rates in chemostat culture have yielded data which suggest that the 
growth energetics of this strain are similar to those of common mesophilic 
prokaryotic bacteria, and that maximal molar growth yields are high, even on 
defined medium. Hence, S. thermonitrificans appears to be attractive as a  
host organism for the expression of antibiotic biosynthetic pathways at elevated  
tem perature.
A recombinant strain, S. thermonitrificans pB R O C I 39 was constructed 
(Czaplewski, 1989), and the pathway expressed at temperatures up to 50°C  
(this work). This temperature is 20°C  in excess of the maximum growth 
tem perature of S.clavuligerus, from which the DNA insert in pB R O C I 39 came.
It has been shown (albeit in a very primitive manner) that the formation of 
yellow coloured broths is considerably more rapid at elevated tem perature, as 
would be expected. By HPLC and 3 dimensional spectral analysis of 
separated components, the yellow product has been shown to be insert 
specific. Thus the long term aim of the project has been successful.
It would have been more satisfying if either an accurate assay for the yellow  
product had been developed, o ra  recombinant strain S. thermonitrificans 
pP FZ163  constructed, to give a strain which could form oxytetracycline. 
However, alternative strategies for enabling the successful conclusion of these  
aims have been presented in the respective chapters. It was not envisaged at 
the outset that the purification of the yellow compound would have been as 
complex as it has proved to be.
The investigation into the growth characteristics and energetics of S.
thermonitrificans have been worthy of investigation from an academ ic 2 0  1
viewpoint, both as a study of the growth characteristics of a streptomycete, and 
of a moderate thermophile. There is scanty information in the literature 
concerning the growth energetics of Streptomyces, partly because the growth 
of Streptomyces  cannot normally be divorced from the production of 
secondary metabolites. The wild-type S. thermonitrificans is therefore an ideal 
strain in which to investigate streptomycete growth in isolation from antibiotic 
production.
8.2 Future Potential of S. thermonitrificans
S. thermonitrificans has been shown to be potentially useful for the production 
of antibiotics at elevated temperature. On a large scale, the increased rate of 
growth and product formation would be expected to improve the productivity of 
a process. In addition, dramatic reductions in the the total energy cost for 
cooling the fermentation, as a result of operation at an elevated tem perature is 
an important economic consideration. The physiology of S. thermonitrificans 
would be suitable for efficient growth at elevated temperature; however, an 
accurate assessment of the feasibiltity of antibiotic production at elevated  
tem perature would require the use of energy balances, and a cost estimation of 
a potential process.
S. thermonitrificans may additionally be useful as a source of thermostable 
enzym es. Preliminary investigation has shown that S. thermonitrificans 
possesses lipase activity in solid culture, and the study of this activity is 
currently underway (R. Kok, personal communication).
As the successful cloning of streptomycete secondary metabolite pathways  
increases, S. thermonitrificans may be worthy of further study as a  
heterologous host for investigating the regulation of novel, cloned pathways.
Strains of S. thermonitrificans expressing a heterologous product in a fully- 
defined system, may be used to identify targets for optimising product 
formation in the infancy of a commercial project. The controlled growth 
conditions, availability of defined medium and lack of other antimicrobial 
product or polysaccharide, provides a very simple system for investigation of 
the physiologyical regulation of product formation. The information so gained  
could be used in the fermentation development of the host for optimum  
productivity.
8 .3  General Comments Concerning the Study of Strevtomyces
Streptomyces are industrially-important micro-organisms, which possess a
complex growth performance. They have different phases of growth and  
antibiotic production, and undergo changes in mycelial morphology in 
submerged culture. Although the productivity of an antibiotic fermentation can 
be optimised and regulated by physiological conditions, identification of 
molecular mechanisms influencing the regulation of the switch into antibiotic 
production is still elusive. Even with precise molecular techniques, clear 
answers to questions relating to physiological switches in Streptomyces  are  
not obtainable (see Strauch and Bibb, 1991). Additionally, analysis of the 
literature relating to the physiological regulation of secondary metabolism  
shows that conflicting reports often exist. This has been attributed to 
differences in cultivation conditions, and underlies one of the major hurdles 
required to study any aspect of Streptomyces i.e. consistent, comparable  
growth conditions (Trilli, 1990). The mycelial growth habit of Streptomyces, 
relying on hyphal extension leading to biomass accretion, results in a mixed 
population of cells which have had different previous growth histories. W hen  
this is combined with the slower growth rates and the (commonly) non­
exponential biomass accretion characteristic of Streptomyces, the precise 
study of a single event occurring in batch culture is difficult. For exam ple, if an 
antibiotic is produced by 5%  of cells at a particular stage in growth in a normal 
batch culture, due to the differences in the age of hyphae, or due to pelletted 
morphology, then a specific change in any component of the total population is 
difficult to investigate and quantify.
Continuous culture is acknowledged as a preferred culture system to batch 
culture for the physiological study of a microorganism in submerged culture. 
Most streptomycete fermentations for the production of secondary metabolites 
are influenced by some form of nutrient limitation during stationary phase. The  
relationship between growth rate and nutrient limitation in batch culture prevent 
investigation into their independent influences on the initiation of secondary 
metabolite production, but continuous culture allows these influences to be 
investigated independently. A limit is reached in the physiological study of an 
organism, which requires molecular techniques to continue the investigation. 
This limit has been reached with S.coelicolor - the physiological studies have 
specified that both phosphate and nitrogen medium concentrations are 
important in regulating the switch into antibiotic production, but molecular 
techniques would be required to elucidate the control mechanisms (Hobbs et 
at., 1990). In spite of this limit, the use of biomass prepared in defined, 
reproducible growth conditions, is one hurdle which ensures that some of the 
differences between results are not due to differences in growth conditions. 
Therefore investigations combining physiological and molecular approaches  
would appear to be the ideal.
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The limitation of continuous culture for the physiological study of an organism, 2 0 3  
defined by its non-invasive capacity, could possibly be alleviated by the use of 
in vivo N M R , although the technique is not widely available and dedicated  
equipment is required. The use of in vivo NMR has already been established  
for a number of years in the study of reaction rates, transport and intracellular 
changes in the concentration of molecules by the use of natural abundance  
13C, 15N and 31P resonance spectroscopy (Gadien, 1982). In Saccharom yces  
cerev is iae , in vivo 31P NMR has been used to determine the concentration of 
sugar phosphates and of ADP and ATP in flux-control studies (Bailey e ta l.,
1990). Methods for studying the intracellular environment of m ammalian cells 
using in vivo 31P and 13C natural abundance NM R have been developed  
(Fernandez e ta l., 1990). Hence, it is likely that developing the technique for 
the study of streptomycete developmental and antibiotic production processes 
would not be insurmountable. As phosphorylated intermediates are implicated 
as key regulatory molecules in the formation and production of a wide range of 
antibiotics, the use o f 31P in-vivo NMR for studying the regulation of the 
initiation of secondary metabolism in Streptomyces is an attractive idea.
8 .4  Final Conclusion
This project (the combined work described in Czaplewski, 1989 and this thesis) 
has developed a streptomycete thermophilic host/vector system which is 
simultaneously amenable to precise physiological and molecular investigation. 
Using this system a heterologous product has been expressed at 5 0 °C  with 
apparent rate advantages over expression at 30°C . Hence the production of 
antibiotics at elevated temperature is feasible, and is worthy of further 
investigation.
Appendix - M ass Spectra of Standards used for W ork in C hapter 7 2 0 4
Figure A.1 Electron-lmpact Mass Spectrum of the Holomycin Standard Used  
in this Study.
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